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June 10, 1955

TO: Distribution of AFS\WP-464

RE: Errata sheet for AFSWP-464 )
This publication should bear the following date: March 1, 1955,
1. 'On page 14, after the lact sentence please add:

%The above designations will become clzarer as they are
encountered in the text and diagrams. Only the abbreviations
for literature references remain to be mentioned:

AVA 11, Lizferurg der Ergehnicse der Aero
Versuchkanstalt Gdtling2n (Munchen und
Berlin 1821, 2rd ed 1923)

AVA II the same for (1923)

AVA III the same for 1£27

AVA 1V ti2 same for 1532"

This statement criginelly appeared on page 18.
2. Onpage 41, on Fig. 15, please change call out to read

o-= with plates (smzll)
0 = with plates (large)

3. On page 47, under 4, please read f = 0,458 for f = 9,458
4, On page 63, under B, Lne 5, for { please read WVI

5. On pa.'ge 66, under C, line 3, change expression to read ¢' = -;-pvz

6. On page 70, paragraph 2, line 1, change erpression to read v = v'm in

7. On page 72, last paragraph, line 3, change expression to read
WI =0,9 N

8. On page 76, line 7, please read e/d for e/h

9., On page 89, the Note to figure caption should read "All bars have
L cross section,"

10, On page 93, change expressfon following last 3 equations to read
"for -450"

11, On page 101, Fig, 18a, for second note in legend, please read
*¢ = whole mast on smooth g-ound,

12. On page 107, paragraph 3, line 8, change "or box lattice" to read
"on box lattice,"

13, On page 113, paragraph 2, line 2, cliange "sine law of sine-squared
law" to read "sine law or sine-squared law,"

Since the corrections to this publication are readily apparent, it was not
deemed necessary to recall the document to make the above changes.

Publications, 2464-1
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‘ FOREWORD
~ This treatise was originally published in the German journal, Der Stahlbau, under the
title ""Modellversuche iiber die Belastung von Gitterfachwerken durch Windkrafte." Part 1
appears on pages 65 to 69 of the April 27, 1934, issue and on pages 73 to 79 of that for May
11, 1934, Pari 2 was printed on April 26, 1936, pages 65 to 77.

No attempt has been made to edit or interpret the original work; nor has the phrase-
ology been changed more than the minimum for clarity.” "As a result, mény sentences are
close to their German originals in structure and lengtl;, and all of the author's repetitions

. are faithfully retained.
R Numbers in parentheses serve as a guide to the German text.
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PART 1

CHI -- INTRODUCTION

The goal of this investigation was to obtain a broad and complete foundation for wind
pressure calculations on structural lattices. Part 1 deals with plane lattices; part 2 deals
with three-dimensional lattices. These researches -have really contributed far-reaching
clarity to the aerodynamic properties of plane and spacial lattice structures. In spite of the
diversity of structural classes included in the field of lattire structures, it has been possible
to express their aerodynamic characteristics in simple terms: in particular the relations

of plane lattices to a spacial lattice composed of several plane sections.

In these results lies the major contribution laboratory tests can make toward answering
the question of wind loading for lattice structures. The problem is not completely solved.
Wind tunnel research gives only information about loading when the properties of the wind-

stream are known, However, notenough is known about winds outside in storms.

In the interest of completeness, some experiments besides Gottingen data have been

included. Conventional measuring techniques were used throughout, and-experimental units

were generally retained in the diagrams.

The author has made an effort to-keep this account understandable to thos-e without a
strong foundation in aerodynamics, To avoid overloading the text, the explanations of sim-
ple concepts have been kept short, For a thorough treatment the newer texts and handbooks

%
are recommended.

-

*(3) See W. Kaufmann, Textbook of Applied Hydrodynamics, (Berlin 1934)
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A. NOMENCLATURE

Wind Velocity

v [m/s] ...

Wind Direction

[}
undisturbed wind velocity, practically identical to the wind

velocity in front of the structure.

anglc betwecen wind direction and the normal tc the lattice
plane. In the text = 0° is often called normal incidence,

and @ § 0° is labeled oblique incidence.

- -

I [kg 52/m4]
ro. o,
[ Lng‘-‘:/xhj v

*
Physical Properties of Air

Density E‘masswper unit space. For normal conditions
p~1/8 [kg~ s2/m4] (
Visgusily

so-called "kinematic viscosity"., Usually the unit of length

is [em] and not {m],. so that for convenience ¥ x 1/7 cm2/s

can be used under normal conditions.

Geometric Properties of Plane Lattice Structures

e ] ..
]

12

outlined area

-
L

visible surface area (seen from the normal to the structural
plane) £ sum of the visible surfaces of all beams and plates =
remaining gurface after the empty spaces have been sub-

tracted from the outlined area,

v

l“Note Flachsbart uses [kg] as a unit of force; thus Mass = kg/accel,

e B e A————rrte <

»

s i
e T T e
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, =¥ [F ...
%
4
!
g .
i
i
f ) Wind Pressures
i
i 2
g _ p [kg/m ] T

1 2 2
ot ]

' .e Wind Forces (Fig. 1)
Ty P [kg]
- w [k
| g]
Alkg] ...
N [kg] ...
T [kg] ...

Solidarity coefficient or fullness grade. A measure of the
area density of beams in a lattice. The greater @, the denser
the beam coverage. A solid member has a solidarity coeffi-

cient § = 1,

statistical pressure at any place in the wind stream, espe-
cially on the outer surface of the test structure.

dynamic pressure of the undisturbed wind velocity, -identical
with the kinetic energy of. each unit space in the unaffected

air stream.

resultant wind force on the structure

component of P in the direction of v, so-called "resistance"
component of P normal to the direction of v, 'buoyancy"
component of P normal to structure plane, "normal force"
component of P tangential to structure plane, "tangential

force."

13
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v

Relationships between wind forces derivable from Fig. 1:

(1) P2-a%+w?
(2) p? - n%+ 12
(3)

n N=A-sina+W:  cosa

(4)

T=A-cosa-W:' sina

For a = 00, normal wind incidence, W=N, A= T

-

1. Dimensionless Wind Force Measures, "Drag Coefficients. "

For the resulting drag (wind force), the drag coefficients depend on whether F or Fr
N
are utilized:

c =P qF while ¢ = P[qF
)

in 4 curresponding way 10r components:

= W/qF and cWr = W/qFr

¢, = A/qF and car = A/qFr

=N =
c, - N/qF and c, N/qFr
r
h

c, = T/qF and ctr = T/qFr

These drag coefficients are related by cquations based on Eqs 1 to 4 where the forces

are replaced by drag coefficients: cp2 = ca2 + cw2 or cp 2, c, 2 + Cw 2, etc,

r r r

o . . . . - -
For a = 07, wind direction normal to the lattice plane, ¢ 2¢ ,¢c.. ®=c , ¢ ¢,
w now n a t
r r
! c c, .
a "t
r r

14
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CH II -- AERODYNAMICS OF SOLID BEAMS AND SINGLE PLATES

A. MODEL RULES

It is desirable to discuss the comparative aerodynamics of solid beams, single plates,
and lattice structures. All following observations are based, unless otherwise stated, on

the premise of a spacially and timely uniform wind stream.

1. The Plane Right-Angle Plate as a Model of an Unbraced Solid Beam or an Iron Gusset

-

Consider a rectangular plate of length ! , height h, and of very slight thicknesg s.
The wind-facing surface of the plate then has an "aspect ratio'.' of A = //a. The solidarity
coefficient is ¢ = F;/F = 1, since the solid wind-facing surface Fr is identical with the out-
lined area F., In a uniform wind strcam normal to the surface (a = 0°, Fig. 1), this plate
will undergo a symmetrically loaded drag force W (or, for a = 00, an identical normal

force N or P) in the direction of the air stream; the lift A (the tangential force T Fig. 1)

is null:

WENzP#0 A=T=0

therefore

c.zc. zc $0 c_=zc =0 =
w=mn®"p

Now we have three interesting questions:

a) How do the drag and drag coefficient for-normally incident air flow on a
plane rectangular plate depend on ), v, the absolute values of h and l .
on surface roughness, on density, viscosity, .and turbulence of the air?

Since we can combine several of these quantities in the din;ensionless

quantity called the Reynolds Number,

15
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LYy hp - vh g
(5) R=— "

the question can be succinctly restated:

How does the drag coefficient depend on the Reynolds Number, the surface 7

roughness, and turbulence? o

b) How does the drag coefficient change with A under otherwise equal conditions?

¢) How does this relation change with oblique incidence ?

The first of these questions is obviously equivalent in meaning to the question of the

scalability of model measurements., The three questions are answered on the grounds of

the following experiments.
For question a):

In Fig. 2 the measured Cw values as a function of R are presented for technically

CWDEI i Taneas Tllig wivig view v weeie dithio Glaodllun O iacreacsiag R means that v, h,
and p have been separately increased to change R, or u was decreased. These possibilities
are dynamically equivalent, as is shown in fluid mechanics, and only because they are equi-

‘ valent can a single dimensionless quantity, R, be used to express a large part of an aero-
dynamic state. The flat plates, for which the resistance curve of Fig, 2 applies, are in-
finitely long plates. For suclrplates all stream lines are in planes normal to the plate and
the stream lines are congruent, so that the complete flow pattern is contaiped in one of these

.

planes. On this ground one can speak of the X = ® case as "plane" or "two-dimensional"

flow. As this case is experimentally feasible, the answering of question b) will be temporarily
neglected.

W
w qh, 1
the resistance of the plate-per-unit length) is indeed related to R, as the general law of

One sees in Fig. 2, that the drag coefficient (here ¢ » Where W designates

€
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The above designations will become clearer as they are éncountered in the texi and
diagiams, Only the abbreviations for literature references remain to be mentioned:

AVA1 Lieferung der Ergebnisse der Aero Versuchanstalt

Géttingen (Muchen und Berlin 1921, 2nd eq 1923)

AVA Il  the same for (1923)

AVA III  the same for 1927

AVA IV the same for 1939

17
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similitude of hydrodynamics asserts, but over a certain R~value——approximately R > 5. 103——

% .
Cy = const and is independent of R. 7

2.

Py
&

[ ]

\ ; ;‘l"': e : e, = 1,96 = constant
9 3 .

Tl ° ] :’ * 4!'/.-4:__—‘ = > ° d
4

. - ‘/
1.7 "
» o N s
$ o o ¢
1. .
1. ~ : ~
0 1.10° 2,303 3.1cg i 403 5,10° 6010 7,103

v ..

Fig. 2 -- Drag coefficient ¢, for normal wind incidence (a = 0°) on plane
rectangular plates of infinite aspect ratio for various Reynolds Numbers. Since

these plates are solid (§ = 1,0), FzF , andc_=c¢
r woow

This result has gi‘eat practical meaning. It holds logically for every rectangular plate,

only changing willl tie asprel fauiv A (Gluilpase .4, 3}

Now it can be further shown that in the area where oy is independent of R neither the
roughness of the plate surface nor the degree of turbulence of the wind influence the drag on

the plate, For R > 5, 103 one measurement on a plate under normally incident wind suffices

for any size plate in almost any wind speed as long as the plate is geometvically similar and

wind incidence angle is the same, One has only to take a test Model 1 (area Fl) in & wind A

giving drag W1 to obtain Cy
w

1
cwgl 2
LA

*(4) In Fig. 2 the scatter of data points is rather large since the measured forces for
small R-values were very small (small plates, small wind velocities), Therefore many
points were taken to establish the course of the ¢, -curve. A detailed oublication about these
measurements will appear shortly. In the range of large R-values (104 to L05) the-c,, -value
(cy = 1.96) was measurecd to I per cent. See O, Flachsbart, Measurements on Plane and

Vaulted Plates, AVA IV, S.99

18
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i
B enee - 1 | .
(a) X ‘H «h<ce, = 1.95 .
é

F—
A 7 b:h : 1:1 (Wieselsberger)
(5) %— % gy
6

J
1

1077772277

8sh = 6:1 (Eisner) c, = 0,9

Fig. 3 -- Cross section of three plates of
different thickness: height

Then a! new drag W'1 for a new wind v'1 can be calculated for the same plate

e - L2
Wy = ey s vy Ty [kl

or a drag W11 for a geometrically similar Plate II (area Fn) for wind VII

W= ey’ n i [k

Example: Plane rectangular plate, A =, @ = 0°.

In an experiment on Plate I of height h1 = 0.20 m and v, ® 20 m/s, the measured drag was

W1 = 9, 8 kg per unit length,
V.Vl -
‘¢ B e——————— = 1,96
Wl e
2PV
For drag W'l on the same plate in a wind of v'1 = 40 m/s, it follows with Cw " constant =
1, 96 that:

16
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In a corresponding way W11 (drag-per-unit length on another similar plate) is calculated
with by = 1.0 m and v, = 40 m/s as: .
= .lz MELLE L _l_ 2, , Mgl _
WII Cw 2vaIhII 1" = 1,96 16 40" - (1.0) 1" = 196 kg

We still have to check on the Reynolds Number to make sure that R > 5- 103

v.h
_ 171 _ 200020 _ 5
Rl- P 177 =2,8x10
vih
171 4000- 20 5
t = = =
R1 ” 177 5.6 x 10
¢ v,.h
_ I 4000100 _ . 6
Rn- yand 177 =2,8%10

The condition that R > 5 103 is therefore fulfilled in all three cases, allowing Cy = const
to be a valid assumption. (It should be noticed that in calculating R the length is taken in [¢m]

if the kinematic viscosity v is expressed in [cmzls] as above. )

The independence of Cy of R also holds for plates where the thickness is no longer
negligibly small. For a quadratic prism (h = §) with A =, @ = 0, Wieselsberger found
e, = 2,03,* which is only a slight deviation from the thin plate value, For a prism where
'$ = 6h and A = w(Fig. 3¢), a = 0°, Eisnery found the markedly small value ¢ ~ 0.9, A
real dependence of ¢y on R ¢éould not be established above R ~ 104 for the last-named case,
although it seemed likely in view of observations on long smooth plates edge-on to the air

gtream. The lessening of Cw for thick plates depends on the fact that the wind stream re-

turns to the side surface after initially leaving it.

*
(5) One should observe that Wieselsberger found c, = 2,01 for the infinite plane plate
and @ = 0°, AVA I, S. 33-35.
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Fig. 4 -- Normal incidence on rectangular plates a = 0°. De-

pendence of drag coefficients ¢, on aspect ratioa. (Note that the
reciprical of ) is actually plotted above.)

(To answer questicn b)

Figure 4 shows, for the only interesting re'gior; R >5 103, that the cw-value depends
oni A for rectangular plates normal to the wind flow. This means, since W = cqu, that
drag is not only proportional to the surface area, but is also significantly related to the
outline of the plate. The drag on a very long rectangle is for example twice as much as the

drag on a square plate of the same area.
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"005 -1.0

“l.¢ =20

Overpressure ¢— Underpressure

Fig. 5 -- Pressure distribution along AB
of an infinite plate under normal winds (a = 0°).
(From Fage and Johansen, Proc. Roy. Soc., A
Vol 116, London 1927)
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It is important for the understanding of later developments to have Fig. 5 on hand to
delineate the distribution of wind.forces for the two-dimensional case (A =) and for a = 06.
Figure 5 shows pressure distribution in a plane containing the wind direction. In conformity
with the dimensionless formation of drag, the dimensionless quantity p/q replaces the normal
pressure p. As one can see, the dia-gram represents overpressure on the windward side and
underpressure on the leeward. In the middle of the forward side, p/q = 1 and thus the o'ver-
pressure equals the dynamic pressure. As the edge of the plate is approached the overpres-
sure declines and even becomes negative. On the back side, there is only underpressure of
1.35 q, and therefore 35 per cent greater than the largest overpressure. It is evident that
the underpressure on the leeward side exerts a greater force (and in the same direction)

- -

than the overpressure on the windward side. The average front pressure being 0.65 q,

' W= (0.65+1.35qh- "1" = 2.0qh [kg)

e MW o
" “"w gqF qh-+71 '

s Cusipit e uglUeantine witis dic s Lol U8 Ui Wag iicdeus clutiis.  Approximately 70 per

cent of this force comes from the underpressure on the leeward side.

In view of this partition it iz easily understood why the cw-value of a plate must becomé
smaller when ) is reduced from infinity to finite numbers. For plates of finite length, the
pressure difference between the front and back induces a flow around the ends. This intro-
duces air into the partial vacuum of the rear side and thus reduces the suction, Also the
pressure on the front falls off toward the ends and further reduces the fron.t-bac‘k pressure
difference and Cy Thus a cross section like Fig., 5 will show much higher pressure dif-

ferences in the center than near the ends of the plate,

If one hinders this end {low hy end plates sufficiently large and perpendicular to the
incident air, then the flow patterns approach-the A = case, and A variations are largely
masked. One uses this concept to experimentally approximate plates of infinite length for

test measurements,
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Answer to(c)

For oblique wind incidence the independence of Sy of R abo;re R = 10’4 is not seriously
altered nor is the dependence of ¢, on A. Only the numerical value of o is changed. In
general the net drag for oblique winds is not in the wind-direction; a single drag coefficient
no longer contains sufficient information to describe the system. One must use either Cw

and c, or . and c,. How these drag coefficients for rectangular plates and A = 5 depend upon

¢

incidénce angle a is shown for winds from above in Fig, 6, ard for side winds in Fig. 7.

1.2

. ‘E — = i cn '
0.8 ' \,\cw‘ Lo r.soo-».::_‘_‘_ —

o —"-.h-— K:“
0.k L e N
- . - h\l‘ﬂ \

0 -:;—4?--2-- ey St ae an e a \Q

0ol = ) v o o) ©
10 200 30 40 50° 60° 70° 8o° 90
. QA —

Fig. 6 -- Plane rectangular plate ) = ", Oblique incidence
from above or below

1.2 v = n
0.8 Iy e e T
%4’.’ “ﬂh\\s
-

044 F = \\\ T

L e - M —

0 Lo oo atndede, et T T _t_ . L v - - h

=0o4

200 10° 200 300 _ 400 500 609 700 806 900

—_—

Fig. 7 -- Plane vectangular plate A = 5, Oblique incidence from the side
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The curves of Sy and c, are not as- interesting as those of c; and ¢y /We establish the im-
portant fact that the tangential forces are negligibly small, and that the normal force actually
declines with growing wind angles, at first only slightly, but more strongly with large wind
angles @, The small rise of ch in the region offz = 50° to e = 50° for side winds rapidly falls
away, so that for lattices one may say: The e value is in general greatest for a = 0°. For

solid beams this statement is only approximately true, .

Fora = 00, c, is identical with cw. We have the separate designation ., since it is
usually used in the literature. For oblique incidence one must examine-each case to deter-

mine whether ch and c, orc, and S should be used, For single beams <, and ¢, are recom-

t

mended.
2. ‘Model Rules

It is now of decisive importance that—always satisfying the Keynolds number condi-

tinp—ihn indanendrnan of Awne volune nf Pavanlde numhar, of surfac? roughness and of wind

turbulence is not limited to flat plates, but al5o holds for all bodies with sharp corners.

Since the lattice constructions of engineers have, almost without exception, these properties,

we can limit our observations to lattices with sharp angles. Then it follows:

The drap coefficients for lattices are to a good approximation independent of wind veloc-

ity, model size, surface roughness, density, viscosity, and turbulence of the air; they are

alone dependent on the form of the lattice work and on the wind direction. =

For a lattice of a certain form under a given angle of wind incidence

¢ = constant

in particular therefore .

cp = const cw = const c‘ = const etc,
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Through t’hese simple relations, which have been established chrough a great number of wind
- tunnel tests, ihe transfer of model measurements is regulated by geometric similarity. They
hold not only for winds uniform in space and time but—as tests have shown—also for spacially
nonuniform air streams provided the comparative case has a similar nonuniformity (then v
has to be specially defined, since a unified wind velocity no longer obtains). Whether they
hold for strongly varying (time-wise) winds is doubtful since extensive tests have not been
made.

From this uncertainty come reservations for the transfer of wind tunnel data to lat-

tices in free winds. Some remarks on this will be made in other places (Chapter 1II, B).

To prevent misunderstandings, it should be expressiy pointed out that the law ¢ = con-

stant does not hold:

a) for small R-values
b) for rounded bodies (streamlined bodies, cylinders, spheres) throughout the

entire range of R-values,

In case (a) the drag coefficients are functions of R; in case (b) functions of R, surface

roughness, and wind turbulence,

The requirement of "sufficiently large Reynolds number" which is coupled to the c =
constant model rule is always satisfied for lattice works. "Sufficiently large" means
R >5- 103. The Reynolds numbers for plates and bars of real lattice works in winds of
v >30 m/s are much greate; than 5 103. For the reduced members of a model one must
check each case to find whether the permissible lower limit of Reynolds numbt;.rs has been

passed,

3. Drag of Single Beam Profiles

Here the usual cross section form of practical beams are designated by the term.beam
profile, To avoid mistakes, the aspect ratio of u beam will be designated by a subscript s
to distinguish it from the A of the entire lattice.
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structure length g

A Structure height = aspect ratio of the lattice

~(/i
2

As = % = aspect ratio of a beam

.8

when s = beam length, and ® = projected surface of the beam seen in the wind direction.

For each profile ¢ = constant, Table I shows the degree of dependence of the drag co-

efficient on cross-sectional profile,

One can derive from the above collection of drag coefficients that the average value is

e 2.0 for X = and normal wind incidence, and the deviation from 2.0 is small. In fact,

for virtually all profiles (except type 8#)

‘ Cy = 2.0 £10%
K
is a sufficiently accurate drag value for _ = w. A
]
Since different beam profiles may be used on the same lattice, their net drag coeffi- .
cients will probably average out to 2.0, some drag coefficients being greater and some less ’

than 2.0. However, cy ® 2.0 is the value for an infinite plate with @ = 00. Thus one must
be able to use flat rectangular beams in a lattice to experimentally measure aerodynamic
properties valid for most lattices for a = 0°. Usecful and extensive employment of this con-

cept will be made in the subsequent systematic investigations.

“

*The exceptionally small ¢, ~value (1. 62) for the unsymmetrical L-shaped beam with
the small side normal to the wind is due to the recalignment of the stream lines with the trail-
ing surface. As noticed before on the aerodynamics of thick prisms, this behavior produces
a sudden reduction in drag as the trailing surface gets longer, For profile No, 6 the leading
flange also produced a reduction in the dead-air zone behind the beam and thus a reduction
in ¢,. The small value of ¢, for 4# is due to the special air flow which produces a forward
pressure on the rear flange, (Compare the effect of pairs of plates in Chapter 1I1,)
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. TABLE I (Part 1)

‘Drag Coefficients of Single Beams ()\S = o)

Profile and

No. ¥ind Direction cw ca
1 . Eﬁ&@ 2,03 0
2 — | 2o 0
3 — I 2,04 0
4 — 1.61 0
5 — | 2.0 0.3
6 — 7 1.83 2,07
7 — | 1.99 0,09
8 —_— 1.62 -0.48
9 — f— ' 2,01 ) 0
10 —7T 1.99 129
1 — L'j 2,19 0
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Naturally the tangential forces allowno such workable generalizations. Table 1 shows
that ¢, is usually virtually zero, but occasionally it takes on quite high values. In general
we must expect small values for c, for a = 0° (it is possible in a lattice for sizable c, values
of individual beams to cancel out). Tests on models patternéd from real st'x:uctur‘es confirm
this view. * Only such models can in general give error-free information for oblique wind
incidence (see Chapter V).

[

&
See Chapter 1V
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CH lII -- TESTS ON SCHEMATIC PLANE LATTICES
FOR NORMAL WINDS (« = 0°)

A. PARALLEL BEAMS OF INFINITE ASPECT RATIO (A= ).

To clarify the influence of structure type on drag of a lattice, schematic beams were
investigated which had identical outline forms but various patterns of bracing members (see
Figs. 8a to g). Figures 8a to 8b contain the test results along with a sketch of the lattice
investigated, These lattices c.nsisted of two parallel beams with the following bracing bars
between: vertical bars only ("ladder type'), diagonal bars ('V" construction), vertical and
diagonal bars ("N-.type"). The bars were made out of flat 2mm sheets. Reinforcing plates

;

at junctions were not used. The choice of this group of models was based on consideration

of the frequency of occurrence of similar types in actual practice.

In order to obtain different values of solidarity (¢.) for the above lattice types, both the
widths of the members and their separation were varied. Which way was employed in par-
ticular tests is shown on the diagrams, as is the nomenclature for the symbols. To eliminate

the influence of aspect ratio, all models had the same A, in fact, A = o,

. This aspect ratio was chosen because the experience with the solid-beams indicated

that A = o yields the greatest drag coefficients, -

The span or length of the models was ge.nerally 300mm. Only in the model group of
Fig. 8b was a length of 450mm used to investigate a very small solidarity coefficient (#).
To obtain the effect of infinite length end plates were used, These strong plates had their
leading edges rounded into semicircles. The models were hung with Imm play close behind

the leading edges of the end plates, This orientation has been tested with flat plates as models

and aifords a good approximation to A = ®,
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The measurements were taken in the 1. 20 meter wind tunnel of the Aerodynamischen

Versuchanstalt Gottingen (the so-called smaller tunnel). Each model was tested under four

»

or five wind speeds between 10 and 30 m/s. Accidental errors of measurement were ihus
easily recognized. Faurthermore the behavior of the drag coefficient with different velocities

was obtained without further work, and it was evident whether the Reynolds number was large

-

enough to have Cy = constant and Cw " constant. The drag coefficients for V = 10 to 15 m/s
r
%
must often be rejected since they still show the influence of the Reynolds number.

< N N -

In Figs. 8a to 8g the measured Cw values ane‘presented as ’cw

The two are quite
different: in one case the drag force is divided by the outlined area, and ‘in the other case

the drag force W is divided by the solid projected area Fr' Incilxded here, as in all follow-
ing illustrations, are the measured points instead of average values. The scatter of meas-
ured points was in no case greater than %2 per cent. In general, it sl;ould be pointed out that

c¢_and ¢ are related
w W

We can see from Figs. 8a to 8¢ that a survey-type graph can be constructed from these
seven graphs if we plot all the Cw and Cw values against §. Figure 9 represents the sur-
r
prising resulls, which can be stated as:

_ The drag of a plane lattice normal to the wind of infinite aspect ratio is practically un-

related to structure patiern for a given solidar.ity coeff, -

-

%
(10) The reason is easy to see. The smallest bars are usually 5 mm, in some cases
3 mm, broad. Their Reynolds numbers for V = 10 [m/s] are

R = 10001.750- 5) . 3.5 x 103 for 5 mm bars
R = 10001' 750- 3) _ 2.1x 103 for 3 mm bars

These R-values are not in the region for ¢, = const. For V = 20 [m/s] the R-values are
large enough for 5 mm bars and almost large cnough for 3 mm bars.
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The drag coefficient (cw, c, ) for a = 0° and plane lattices (A = o) is a function

r ?
of f alone, to a close approximation. .
2'0 Iy
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Fig. 9 -- Dependence of drag coefficients on solidarity §. ”
Aspect ratio of the beams X = , ¢
The small influence of structure form on drag is more evident in C than in Cw’ and
r
so we will limit further observations to .y
r 4
The meaning contained in Fig. 9 is that only one variable, i, defines the drag coef-
.
ficient for a lattice of given A, This simplifies our problem significantly.-
In general, it must be remembered that our results hold only under special conditions:
parallel beams, infinite or very large aspect ratio, structures without joint plates, schematic
%
(11) This success shows that it was expedient from the first to investigate whole lattices, ~
Naturally it must also be possible to construct the aercdynamics drag of the lattice from the
propertics of the individual bars in all configurations, In thi§ case one must.in general know e
both the drag of single bars as a function of X and the effective aspect ratio of a bar in com- r

bination with the rest of the lattice., This procedure would require extraordinarily numerous
measurements and would not lighten the drag-calculations for the engineér.
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modes, normal wind incidence. The condition that flat bars instead of bars with various

cross sections were used further limits the results to normal wind incidence. Furthermore,

it is not to be thought that lattices of finite length with parallel beams can be included in the
rule that §§ is the sole factor in drag coefficient determination. The effects of finite A and

af 0° must be experimentally proved. This is also true for the eifects of outline form and

joint plates.

Before we turn to test resulis it would be advisable to study some reports designed to

establish the validity of model rules.

+

B. CONTROL TESTS ON THE INFLUENCE OF TEST ORIENTATIONS, MODEL SIZE, WIND
VELOCITY, AND WIND TURBULENCE

Investigated in the common wind ranges were:

One and the same model with different hanging in the same wind

tunnel,

2, One and the same 'model in three different wind tunnels,

A 2-1/2X model in a wind tunnel for a normal air stream,

4, A 5X model in a wind tunnel with different turbulences of the air

stream.

A ladder-type structure was used,

e
L]

The measurements for 1, 2, and 3, showed that no real dependence of dx:ag coefficients

on test arrangements or model size exists. (It was mentioned above that the independence of

wind speed and R for every model was verified through testing at various speeds. ) l

N

These test results must be expected from model rules. They are further confirmed

through the researches of Dr. Winter with the schematic models shown in Fig. 10, The
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measurements from these models were markedly greater than those in Fig. 8a {o 8g; the
spans in Fig. 10 were 800mm. The models were also tested between end plates. These re- »

: *
sults are compatiblelg-/ with Fig. 9 and with the forthcoming data of Fig. 21,

The question whether air stream turbuience affects test results is answered "no" within .

certain limits by the results of 2, for the turbulence varied with the wind tunnel, but three

tunnels gave identical results,
The turbulence of the Gottingen wind tunnel is slight. T

We have therefore introduced greater turbulence by building strong wire lattices in the

air stream. Under such conditions the air speed measurements generally run into difficulties.
" After some not completely satisfying experiments like this, we switched to making compara-

& tive measurements independent of wind measurements. In this case the pressure distribution
on and behind a 5X model was compared for different turbulences. The pressures were ex-
pressed dimensionlessly. The final resulis: 'Yhe arag coeilrcients of lattices proves 1o be

unrelated to the degree of turbulence of the wind tunnel.

This esiablishes the validity of model rules (in general, only for models in the constant
air streams of wina tunnels). The turbulence of free wind is apparently greater, from the
standpoint of mechanical similarity, than even the induced turbulence of wind tunnels, Fur-
thermore, the wind blows in turbulent gusis, not uniform, but accelerated and twisted. It
is scarcely to be assumed that this changes the drag coefficient or its ix;dependencg of

Reynolds number. An experimential probe of this remains to be done, )

—p——

3
(12) Certain small deviations observed in the control measurements find their expla- '
' nation in that the end plates were not in direct contact with the lattices, Variations in this i

' space between wall and model change the effective aerodynamic aspect ratio correspondingly. ,Q
. y'o

7(13) The single means of quantitatively giving wind tunnel turbulence is the so-called
"eritical Reynolds numbet'" .of spheres, cylinders, or other bodies with curved outer surfaces, ’
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a C. PARALLEL BEAMS WITH FINITE ASPECT RATIO

1. Influence of the Qutline

It will be shown (Fig. 4) that the drag coefficient for a = 0° is smaller for smaller’
- values of .. We have already considered the fall-off of drag coefficient as due to air stream-
ing around the ends. This result can ;ot be basically changed-if the full plates are replaced
by lattices. Therefore we must expect parallel-beam lattices to display the same kind of

behavior as the X is decreased. Naturally the influence of X is greater for greater values of §.

1.0 , ! 96_= 0 -
| 09 \X‘\\QE\ [ 02 S I
\\\ i S Sy o D —:
008 P = d
\\\ T 0,95 ‘
st ¢8 AN \:MM 0.97%
O e
=t | B
. 0.1 0.2 0.3 0k 0.5
a= ? ———
A

Fig. 11 -- Dependence of drag coefficients on the aspect ratio A
o = 0° and schematic plane lattices :
The earlier assumption is confirmed by Fig, 1}. The representation in this diagram
involves the reciprocal of ‘A and drag ccefficients normalized to thé X = © values, The curves

for the printe'd ¢ values of Fig., 11 were interpolated from measured values,

Practically, one deals with § < 0.5 most of the time and the deviation is not more than
12 per cent for very short lattices, and for normally slender lattices h/Z < 0.1 and the

deviation is < 5 per cent. This is so small that the influence of aspect ratio for the average

36

e

. NPy T




AR s,

small § is negligible.

The remaining error works in the direction of increased safety since
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Fig. 12 -- Comparison of drag coefficients for plaies of X = « with those of

The outline area in each case is that of the original squares for the four
test plates,

nn

The situation for the extreme case A = 1 (ie, square plate) is shown in Fig. 12, The §

values were reduced by removing shaded areas of the sketches. The first two (reading from

left to right of the sketches) types of reduced squares give ¢ - values approaching the longer
lattices as @ i3 reduced. For § < 0.3 the difference between X = 1 and A = » is vanishingly

small,

One can now make a suppostion about drag coefficienis for nonrectangular lattice out-

lines. It is known that the greatest drag per unit length is produced by infinite plates, This

317
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was immediately apparent in Fig. 4. Two furiher proofs have been iniroduced:

La

i

a. In Fig. 12 the cutting of the crossed area of the right-hand square converts

LA

the originalquadratic outline to a distorted outline. The measured values
for the resulting angle and cruciform configurations are given in Fig. 12,
They are definitely smaller than those of either rectangular lattices or

squares which maintained their original outline.

b. The solid beam @ of Fig. 20 has a finite span and an outline deviating from
the rectangular. The measurcd Cy = 1. 27, therefore agéin smaller than
the X = o value of 2. 0. * i
Now one might expéct that the parallel beam drag coefficients would represent the
maximum for all § and X values. A confirmation of this assumption will be offered later in
the bridge model measurements of Fig, 20, especially types @ to @, whose drag coeffi-

- ~ - s LY

CaNiibe Gh o g teen aek mrpe mwe hweea ol e o o s wine theoo results as follows: v

The drag coefficients of plane lattices infinite length (Fig. 2}-are the largest drag co- ¢
efficients obtainable with plane lattices under nofmally incident winds. Since the outline of
the lattice work, so far as practically usable forms are concerned, plays no real role, the

drag coefficients of Fig. 9 can be applied beforehand to the problem of the influence of joint

plates and bar cross sections,

-

I.‘(14) One defined the aspect ratio for these beams as [ /h with h = F/{ , thus here
x=9.5 or 1A =0,105, Itis interesting that a rectangular plate of this aspect ratio has
approximately the same drag coeificient of beam (1) of Fig. 20, Therefore here a reduction
to rectangular surfaces is possible through the use of the generalized definition of aspect
ratio, (This is always possible if the plate outline does not deviate very strongly from
rectangularity. )
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1209} 120°

C
120 34\00 Se

Fig. 13 -- Wind loading.of a 3-pronged junction

D. THE INFLUENCE OF JUMCTJONS AND JUNCTION PLATES

So far, only networks without junction-plates have been investigated. Before investi-

gating a whole structure with junction plates, it is expedient to test the drag of a single junc-

tion and its variation with the addition of a plate.

¥or this basic experiment two schernatic 3- and 4-prong junction models were used,

The bars were 250mm long, 25mm wide, 3mm thick. The orientation of the bars was varied

with and without junction plates. The plates were circular discs of 80 and 160mm diameter.

The results of the measurements are presented in Figs. 13and 14. One can abstract the fol-

lowing:

-
L]

*
1. The dirag of a junction with or without plates i3 virtually independent of the

angles between the bars (see Fig. 13). With the joint plates the above holds

as long as the railloc between plate area and bar-area is not unusual, The

* .
(15) Excluded is the condition where thie-bars cover each other. In such a case there.
is no real function but some sort of single lattice with a degenerate function,
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160mm plate exceeds this limit and in consequence shows a marked depend-

ence of cw on bar orientation. The extreme value of cw deviates from the
r r
mid-value by onlyt4 per cent., One notices that o is smaller the more

r
. . . 0
uniform the bar orientation around 360",

2. The drag coefficiént of a junction grows with the number of bars. For 3-bar

joint cw = 1, 38; for 4~bar cw = 1,41. The difference is obviously not large,
r r

3. The Cw value is smaller for smaller junction plates under otherwise equal
r .

conditions. The reason is that discs have 2 much smaller drag coefficient

than bars. Without plates €y = 1.38 to1.41. For a circular disc or plate
r
cy 1,10 (square plates have cW = 1,16). With the introduction of a joint

r r

plate the area of the lattice grows faster than the total drag.

The results here are no longer surprising. They concern two schematic, N
and V, lattices with small and with large joint plates and A =®. The plates
have the usual commercial str:aight-line form. As one can see, the Cy "

by
value declines with the introduction of the plates.

E. CALCULATED CHANGE IN WIND-LOADING DUE TO JUNCTION PLATES

We can take, as a first approximation, the combined drag as the sum of the drags at
the isolated plates plus the drag of the remaining unshielded bars, The drag coefficient of
the remaining bars is assumed to be the drag coefficient of a similar but "unplated" lattice,

or the Cy of a lattice with vanishingly small junction plates.
r
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Fig. 14 -- Wind loading of a 4-bar junction
5 1.6
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. 1, 4 c"r Tcwm) °
. 1.2 O O
-
1.2
- 0.8 4= Without plates
6 ¢ o= With plates (large)
g, o8 O= With plates—(EmAIL)
& 0.4
0sd Q
' \d o ¥
0
< i = i
N ﬁu&
.Sd— Y e L]
| B
With small junction plates Vith small junction plates
= 0,2)7% ¢ = 0,2155
With large junction plates With large junction plates
= 0,268 ¢ = 0,2665
. Fig. 15 -- The influence of junction plates on the wind-loading of
¢

"

-~

plane schematic lattices., X = o
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The shaded surfaces
[\ are designated:
\\Q\\\t\ X

K

Fig. 16 -- Nomenclature for calculating the effect of
junction plates

The following nomenclature will be used:

‘Surfaces:

Fr = Visible surface of the lattice without the plates; that is, the surface area
ruatsetad in the wind direction
Fr = Visible surface area of the system, the lattice plus the (finite) junction
° plates,

Fo = Sum of the visible (projected) areas of all the plates

AF = Fr - Fo = area of lattice still visible between the plates.
o

Wind Forces:

W = drag of the lattice with area F.

Wr = drag of the lattice with area Fr )
] 0

Drag Coefficients:

cy - Wl_/qF‘r = drag coefficient of the projected area F_ (given)
r by
cw = Wr/qFr = drag coefficient of the area ¥ | (to be found)

r 0 o
0
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! Cy = drag.coefficient of the area I {given)
: r

>
o
1]

- . cy = drag coefficient of the plates.alone (given)
. [o) .
Three-element Junctions (Fig. 13)
s (a) Small (80mm) junction plates
e 2 2
F_ =207.3 cm F =50.3 cm c. = 1.38 (average)
r o w
o 9 r
AF = 157cm cy = 1.10
(o]
W .
o
—= F =c¢c AF+ Cw F
1 Yp 0 r o
o
w c
r w ¥
- ¢ =e=Loc (BE L_°._01 .. [0.76+0.797 0. 243]
w qF w_}.F c F w
r r ri r w - r r
0 o o r o
= 1.38 x 0.954
cy ° 1.32 (in-agreement withi' the measured value),
%o
. . ’
(b) Large junction plates (160mm)
\ 2 2
F =328.4cm F =201cm c._ =1,38 (average)
r o w
o r
AF = 127.4 em® ¢ =1.10
0
cw ° 1. 21 (in agreement with the measurement)
To
Four-element Jgnctions (Fig. 14) -~
In a corresponding way one finds:
(a) ey " 1. 35 for the juncture point with 80mm plate
r
o
. (b) Cy * 1, 24 for the juncture point with 160mm plate
v ro i
. .
\ Both numbers are in agreement with measurement,
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3
Parallel Beams with N- and V-lattices (Fig. 15) .
".
N-struciure with large joint plates o
: 1
2 2 ¢ .
F  =64.5cm F =30.4cm ¢ =1.62 c =116 .
r o w w
o r o
AF = 34.1 cm® ’
Cy C
. _r o . _1.62
cw “F AF+——C Fo '———64.5(34'1+0’7ZGX30‘4)
r r w
o o r
= 0,0252 x 56,15
c = 1.41
w
r
o

V - work with large joint plates

2 2

F =64cm F =32cm c = 1,65 c = 1,16
r o w w )
o r o .
AF =32 cm2 Py
A
cw ( cw ) *
r o o _1.65 i .
. T AF+-C——-—'Fo iy e (32 +0.703 x 32) . .
To To Ve
= 0.0258 x 54.5
c = 1,40
w
r
o)

For small plates ¢, is calculated in the same way and good agreement with measured
r

values is obtained.

-
L]

Thus, to a first approximation, the superposition law is valid. For planc lattices of

known drag cocfficients without junction plates, the change in resistance from the addition ‘
|

of plates is subject to close calculation along the lines of the previous examples,
. ] ‘ .

Most of the junction plates of steel structures are so small in general that they e

scarcely alter the drag coefficients. Such plates simply add to the total area Fr and thereby
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! " change § and W. The accompanying error works in the direction of increased safety factor.
| - *
: Figure 21 displays the measurements for the bridge models of Fig. 20. ﬁ
, : ,. ';
‘ . Model 3 . }
. t
. F F . §=F_JF :
l LT | T , )
2 2 :
AVA III 442 cm 1250 cm 0.354 ; t
Exact value 449 cm2 1226 c':m2 '0. 366 _
i
For models @ to@ the behavior is that of schematic lattices with junction plates. Figure ; ¢
21 shows that the test results for these models fall in the group of points for other models ;
. 1 !
N 5
without junction plates. '
|
. . , g
(16) Prof. Rein, Breslau, was good enough to recheck model (3) and supply corrected |
) . areas and f's. Consequentiy the Cw -valuc was also changed, }
r |
' :
* |
‘ 3
!
{
&
{
d
|
l
: - ; |
{
|
} .
v o
A2 \
. 2 }
N {
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- CH IV -- TESTS FOR a = 0° ON PLANE LATTICES WITH .
BARS OF VARIOUS CROSS.SECTIONS
All previous discussion pertaiined to latticés of flat' members. It has already been
mentioned that cross section apparently has small aerodynamic effect for single bars. The

correctness of this assumption will be tested by the following experiments:

1. Parallel beams with N~bracing, which were previously investigated with flat rec-

tangular bars (Fig. 8f, ¢ = 0. 280), were reconstructed with the same outline and projected
areas out of equal-width angle bars (bars wﬁh L'or T cross section). Figure 17 shows the
different orientations of the face of the L bar which is parallel to the wind direction, Note
both (71 J ) and ( L [" ) orientations are used. Figure 17 shows the measured ¢ beside the

r
corresponding orientation sketch. The agreement is good. The somewhat smaller resistance

* of model 17c must be expected from the drag coefficient of a single bar of this type (compare

Table 1),
2. Parallel beams with N-bracing as in Fig, 18.

A= g =0.288 c, =1.58

3. Lattice structure of an electric tower (model approximately 1/2 size) as in Fig. 19,

Wind normal to the diagram plane. Results: . -

X =0 $ = 0.281 c, =158

4. Model (5), a bridge member, Fig. 20.

Results:

a=0 A=22/F=9.5 g - 9,458 c, =1.47
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The data from @ through@ are presented together in Fig. 21. They fall pretty well -

along the points from the sghematic lattices measured earlier. For practical cases it will

be satisfactory to consider the Fig. 9 values as valid for a = 0° and plane lattices in general.

-

# 0.28 %

250

5 KA

250

250
o5

-——— — -

e
%3

1z,

250

200
o}:;~—‘l———’—~; ‘—_;3!:
- w6

o o =
2

woife-

Fig. 19 -- Section model
of a mast tested for A = w., Re-
sults given in Fig. 21 under the
above symbol,
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CHV -- TESTS ON PLANE LATTICES FOR OBLIQUE WIND -
- INCIDENCE ( 210°)

The above results have so far clarified the aerodynamies of single plane lattices that

-only the influence or oblique incidence remains to be tested. Such tests procegde;i in 1921

on three of the bridge models of Fig. 20. These tests dealt with types @; @, and @ ,
The models were investigated for oblique incidence from above and from the side for angles

up toa = 45°. The test values are ‘presented in Figs. 22 and 23.

)

The results for the solid beam @ confirm the earlier rectangular plate data (Figs. 6

dnd 7) for ) = 5, although the bridge beam @ has another outline and a different aspect ratio.

0
The agreement is complete, even to the rise of ¢, above « = 30 for side incidence. That

the numerical values are different is due to the difference in aspect ratio.

Neither @or @ show this rise in c, for lateral incidence. For them, the earlier con-

cept is valid: that c
r

cludes thai ¢, is negligibly small throughout a = 0° to 450, as is true for solid beams. Thus
‘r

we obtain the first two of the following conclusions. \

. . oy .. . '
is maximum for small angles (a=+0") of incidence. One also con- ’
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Fig., 20 -~ Five bridge models tested in 1921 at Gdttingen. A = l [F 9.5, The
test results for a = 0° of models @ through @ are contained in Fig, 21,
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t $= Fr/F [
Fig. 21 -- Combined test results for plane lattices
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CH VI -- CONCLUSIONS
1. The tangential force on plane lattices is generally negligibly small.

2. The normal force i a maximum for a—0°. It is satisfactory to base drag cal-

. o] . . _ o
culations on the @ = 0 value of cn as a maximum, Sincec_ ¢ for a = 07, the term

r r
Cy " will be used instead of the more cumbersome "cw for a = 0,

r r

3. Cw is to a far-reaching approximation independent of structure-type, bar cross
r

section, and outline as long as conventional structures are considered. Cw ‘is practically

r
dependent on the solidarity coefficient §§ alone:

(7) ‘w " Sy (#)

4. Junction plates reduce the Cy of a lattice, The size of the reduction can be as-
certained according to theél calculatio:s of Chapter III. So long as the plates are small, as
usually is the case, it is not important to ascertain the particular influence of the plates
(beyond their addition to the projected area), The resulting 2rror will always be on the safe
side, since the F‘r is then the lattice area including the plate area.

§. If one knows the function o (@), then it is possible to calculate W for the surface

r , - .

F, = # F and velocity v

1 2
W=e v Fr[kg]
r
W is normal to the lattice plane,

6. The dependence ¢f cw on ¢ has to be taken from Fig, 21, in which the most im-
r ;

portant test results are presented together., If no particular data on a structure are

53
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available, it is advisable to assume a c, on the upper envelope of the measured cW values,

r r .
cw is practically independent of {§ in the interval 0.3 < @ < 0.9, and here the upper border :v

r
of values is also a straight line cW = 1,6, Outside this range, cw climbs to cw =20, If b
) r r r ‘ ‘

one prefers a simplified, step function instead of a smooth curve, then the following table g

can be used: . !

c |
] Jr

0 to about 0. 20 2.0

0. 20 to about 0. 30 1.8 i

0. 30 to about 0. 90 1.6 1

0. 90 to about 1.0 2.0 N

7. For practical cases these results can be still further simplified. We observe that

¢ values of Fig. 9 hold for plane lattices in general, independent of outline and aspect
l’b
ratio. As shown earlier, these statements are only approximately true., The approximation

is better for smaller solidarity ratios §. For very large f§ values, especially § = 1, the out-

L]
e A
* -

li.e and aspect ratio are clearly noticeable (Fig, 4). The drag coefficient for rectangular
plates with normal incidence is ¢y © 2.0 for A = 0 and Cw © 1.16 for A = 1. Thus Cy * 2,0 ' ‘ e

r r r =
holds only for large § values when A is also large, The spans of real beams deviate so much

from A = o that it is satisfactory to use Cw © 1.6 evenas § —»1,

) |
A corresponding simplification in the domain of smaller §'s—so that one could use

¢, =1 6 throughout the whole range of § = 0 to § = 1—would be desirable. However, such
r . '

a simplification is unacceptable from an aerodynamic standpoint without certain restrictions.

For § <0.25, Cy = 1, 8 is valid since very small §i's are seldom encountered. Forfl >0, 25, (i
r
1
the value Cw ™ 1.6 is almost always correct, Thus one obtains the following:
r
§<0.25 C =1.8 .
wl‘ 5
§>0.25 c, 1.6 _ .
r 1
J




8. Using the abbreviation Cyv %pvz = w gives the expression for drag W
) r

S N A PO K

(9) W=wF, [kg]

Prers

withe =~ =1.6andp = 1/e, [kg/52m4]
‘ r

(10) w=0.1v% [kg/mz]

g

where v is in m/s. Consequently for

v= 30 35 40 45 [m/s] 1

\ vP=900 1225 1600 2025 [m%/s7] | |
N w= 90 122.5 160 . 202.5 [kg/mz] ‘
£ For cWr = 1.8 these values for w are raised by 1,125, ;
b ! 9. All these investigations and conclusions apply to structures of uniform solidarity
. coeificient. Where this condition is not fulfilled—as for trusses supporting a thick road ,

bed—the drag on each single member with a uniform § will be calculated separately.

*
{ ;
10, Several iattices in a spacial configuration influence each other, Luckily the lattice !
on the windward side experiences nearly the same drag, Jn Part 2 of these reports the in- i
vestigation of spacial structures will clarify the extent of mutual shielding. ;
b i
:
i !
g |
- J
' ’ ! |
. : |
% i
. i
i
%
‘ |
. : |
‘ 2
¥ :‘
- o
| ‘
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PART 2 -- THREE-DIMENSIONAL LATTICES

CH'T -- PRELIMINARY REMARKS

A, PURPOSE OF THE RESEARCH. REVIEW OF PART 1.

By spacial lattices is meant open structures made of several plane lattices. In practice

virtually all structural lattices belong to this category.

The aerodynamics of single plane lattices is reported in Part 1. There the following

points were brought out:

The tangential forces on single plane lattices are generally negligibly small. The nor-
mal force {drag component perpendicular to the lattice plane) reaches its greatest value,
which alone is interesting technically, for a wind direction normal to the lattice plane, It
is independent of structure type within practical limits of accuracy. It is likewise unaffected
by beam cross section or lattice outline. The drag is proportional to the product q - Fr'
where q is the dynamic pressure and Fr is the solid projected area. The factor of proportion-

ality has becn designated C_ and called "drag coefficient." The slight dependence of drag
r
coefficients on § can be summarized:

-
L]

for solidarity coeff., § <0.25 use c, =18

r
for solidarity coeff, § >0.25 use Cy

r

1.6

Then for a given lattice, the drag W in a wind velocity V is:

w

1 2
W=C r'q'Frscwr--ipyFr[kg]




PEAY I 5 e " -
4 R LT o . [
v .

- -

-

where p is the density of the air and Fr = f# x F. For unknown lattices, one can use Cw =1.8

; as a somewhat rough working approximation.

Essentially Cw for singlé plane lattices is a function of solidarity coefficient § alone.
r .
And even this effect is slight for commonstructures, allowing CW = constant to be useful.
r s

less, their results are clear enough to form the groundwork for wind pressure calculations,
The 'handiness! of these procedures is established because they succeeded in relating the

wind loading of a spacial lattice to the drags of its components,
B, NOMENCLATURE

A number of concepts and symbols were clarified in Part 1. Some new concepis will

be infiroduced:

e [m] = Separation between two parallel beams; usually employed in the dimen-
sionless form e/d, where d is the distance between the two main girders
of a lattice (see Fig. 2 Parti 2).

" CW = drag coefficient of the windward lattice of a lattice pair,
rl

Cw = corresponding coefficient for the leeward lattice,
rll

C&::w) = drag coefficient for a single lattice—or in other words the drag coeff, of
r .
each lattice when their separation is infinite,

Cc
w

A=)
w

= ghielding coefficient for the foreward laitice.

vr ™

i wu = = shiclding coefficient for the rearward lattice.

€= )

| 58

Such simple results cannot be expected for three-dimensional lattices, since the mutual
influences of the component beams-are nonuniform. In actual fact, the aerodynamic relations

cannot be put into such a simple form. The tests which we will report prove this. Neverthe-

e o -




w '
. n= Q]—I—I = shielding ratio of the two lattices. ;
1

Pg [kg] = net force-on a spacial lattice,

-»

. Wg [kg] = resistance This terminology is the same

. Ag [xg] = buoyancy as Part 1, with the subscript

Ng [ke] = normal force "g" added to indicate spacial
T [k
i

tangential force lattices.

cC = Pg/q " F Drag coefficients for spacial lattices.

Cy = Wg/q ‘F, The large C is used to distinguish it
ﬂr . . 3
‘ Ca = Ag/q ' F‘r - -from the drag coefficients for plane
r
C, = Ng/q CF lattices. F  for a spacial lattice means
r M . «
Ct =T /q- Fr the projected surface of a side wall. 1
) ’ r g
' When it is not otherwise stated, the wind stream is assumed to be uniform in space }
) " and time. l
{
| J
? ?
» :l ‘{
4
! |
x !
. v} !
‘ 4
’
¢ !
<o, i
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CH.II -- TWO PARALLEL-LATTICES, ONE BEHIND THE OTHER

A, FUNDAMENTALS

A pair of parallel lattices can be considered as an elementary form of a spacial lattice.
It will be presupposed that the latticés are idenlical in type and size. This is not to say they
are congruent, even though their spans, solidarity coefficients, and outlines are the same

[for example, these conditions are met with N-type latlices even though the N were reversed

(W) for the leeward lattice.]

Denoting the forward lattice by I, the trailing lattice by II, and the corresponding drags

with WI and W__, then the combined drag is:

Ir

(1) LW W Wy

For normal wind incidence this force is identical with the resulting normal. force N,

Dijviding both sides by q - Fr converts Eq 1 {o the corresponding relation between drag co-

efficients:
(2a) C =c¢ +c
wr er wrll
which can also be written
cw
(2b) C =c 14 —1I
w w ¢
r rl w
rl
or
(2¢) C =¢ (1+n)
Yr wrl

61
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At first we knew none of these terms—neither Cw ,morc ,morc. . The only
- ‘ r rl rlI s .
: information available, which is not explicitly in the equation, is the drag coefficient of a e
single lattice—or, in different words, when the separation is infinite (see Fig. 21 in Part 1). ) !
We will designate this drag coefficient, which was earlier called pw s c‘(:ﬂc) to avoid v
r

misunderstandings. We can make one general remark about the relation between this term

and the numbers ¢~ and c = . Apparently the fore-lattice lies iu the ""bow wave'" of the {
rl rIl
trailing lattice, which lies in the dead air space of the leading lattice. Each of the two lat-

tices lies in air disturbed by the presence of the other. Therefore it follows that:

o]

Yl # cle==)
W
. e, r |
rli
Or, more exactly
1
= g . (€5%) u . (e=e)
(3) o wI Cy and ¢ wII Cw ]
rl r ril r f
and thus Eqs 2 converts to .
v 4%
c, =¥ é‘(:m) [1 +—,—Il]
r r Y1
(4) or

Cw *%1° °f:m) (1+n)
r r

(exw)

Here we have cW

, & known quantity, in an expression for the drag coefficient for one lat-
r .
tice in the presence of another. This is a formal solution based on the aerodynamics of single

beams,

Perticular experiments must be made to yield information on WI’ wll' and n and their
dependence on separation (of lattices), #, and other parameters. First one can say that \

the area behind a body is an area of reduced wind velocity; thus ' K

Yy <10 ;
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and so the drag on a body in the wind shadow of another is smaller than in the absence of

the other body.
B. TESTS ON TWO SOLID PLATES (§ = 1)
As was the case with single lattices, it is appropriate to begin with the case of f§ = 1,

Figure 1 presents the results of measurements on four different plate pairs, including
the old data of Eiffel on discs and 2:1 rectangles, the 1921 Gottingen beams of type @, and

finally an additional measurement which we made on a rectangular plate of X = 13. 6.

The shielding coefficients, ¢, for the wind?ﬂar‘d plate anc’.-pn for the shadowed plate,
are plotted against e/h = plate separation + plate height. For ease of understanding it should
be remembered tha.t, for example, a reading wI = 0, 84 for e/h = 3.0 means: when the sepa-
ration e between the lattice pair is 3 times the plate (lattice) height, then the fore plate ex-
periences a drag in the wind direction which is only 84 per cent of the corresponding drag

for the same plate alone but otherwise under similar conditions,

From Fig. 1 we derive the following facts:

1. The course of the y/-curves is dependent on plate form. This is expected,
since the drag of single plates has already been-shown to depend strongly on

the plate geometry.

2, For the plates tested WI lies very near*1.0 for e < 8h, This means that even
for very close spacings the rear nlate has little influence on the fore plate,
However, it shows simultaneously that the presence of the second plate can
raise the drag of the front plate above that of a single plate (this effect is ap-
parently stronger for elementary forms——discs, 2:1 rectangles—than for

technically interesting slender heams). With growing separuation, wl must

more and more approach unity.

63

o e —— e svsmpp———— o _—




64

Sy e B Sl e o ey

1.:
S0 SO s s
1 e VY U pepep S I S R .
L \ ,/ \
B ]
$Ir )
0.8 )\o\l’\_ﬂ‘ et O
< i
moee= (Eiffel) I 15.
0.6—;:::1/":2.0—-!—— l . I .
e
| = :’.m l/'h=I3,6—o—-New measurements p— —i T

0.4

o #::,z@’za "/,,: 95 -~o-- Bridge (@

., ’,

4 4
/ ) -

X ;

V4 ( j

4 Ak e
002 IIA /r
/‘ . s
0 ’Il Vi ’h—‘-’
II l -
e [l
L )
-~ Ld
Y \ o‘ Ty S ...--*"‘
\\ \ I/ Y/
~02 \\ I"// )
\‘\ \\f— b
!‘ ‘I
\ II (.
D 5
0.4 v T
' 1,0 2.0 3.0 4.0 5,0 6.0 7.0 8,0

Fig. 1 -- Shielding coefficienls ¢f two parallel plates one behind the other with
normal wind incidence, a = 0% g =1,0

v

I p——— T ——




{ A .Mﬂg_‘.& - i .

. 3. The rear plate is strongly influenced by the fore plate. In the region of small ) : :
separations—up to about 2 plate heights—-—wn even takes negative values, that ' 1
is: the rear plate experiences a force opposite to the wind direction. As the
separaticn grows, ¢ pp 80es over to positive values, In this case, too, ,the
shielding coefficient approaches a limiting value of 1.0, This limit is, how-
ever, approached slowly, as one would be inclined to assume. Even for a
separation 8 times the height, the drag of the rear plate is still only around

50 per cent of that for a single plate.

N On the basis of these results, we can make some pronouncements about
pairs of congruent lattices, one behind.the~ other as seen in a ciirection normal
to their lattice planes. In this case we consider the two solid plates of Fig, 1

» as part of a lattice. Then it follows: for two lattices lying one behind the

. other, one must expeci:

for separations up to 2h or 5h, x//n,< 0, and at least for part of this

{ range, wI >1.0 . |

for greater separations ql/H —»1.0, WI —1,0, with WI approuaching this

limit much faster than WII

Initially these results hold for lattices with flat bars, so-called schematic
lattices, But the experience of Part 1 indicates that the data will apply to lat-

tices with bars of more complex crosg sections. -
’ {
For lattices displaced so that they are no longer in line, there is no ) ’

. . s

interaction for large separation, but interaction can be expected when the

separation is small and when the fore lattice partially masks the trailing

structure. Exact effects cannot be anticipated.,
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In Chapter II-4 we will see that these suppositions will be proved right.

Before this is done, some remarks should be made in connection with special .
AT !
measurements on the flow fields behind singie latlices, They will serve to " 1
N .

make the conditions on the trailing lattice more understandable.

C. PRESSURE AND VELOCITY FIELDS BEHIND A LATTICE UNDER NORMALLY INCIDENT

WIND

M e emah o e s
=

With the help of a small bent tube and a small static probe, the total- and static-

pressure distributions (P; ; and P's ;) Were measured in five parallel planes behind a "ladder"”

model, From p;ot and p'st one obtains the point dynamic pressure q' = Ep\r12

T ———

N v o e

;2
. q' = p' - p' [kg/m ]
‘ tot st . A

and from this the air velocity v*

o =2 . :

v .

PUR—

(The spacial pressures and velocities are primed to separate them from the undisturbed val- ;

ues. )

In Fig. 2a the combined and static pressure distributions are shown; in Fig. Zb the
velocity distribution, The velocities were divided by the initial undisturbed velocity, and

the pressures were divided by q = %pvz. The separation of the measured planes from the ‘

()

ladder is given in units of ladder height.

The distribution curves show the expected wave contour with minima behind the bars

and maxima behind the open spaces between bars, The waviness declines with growing !

*
(4) The local pressures and velocities are marked with an apostrophe to distinguish ;
them from the corresponding quantities in the undisturbed stream (such as v and q). , .
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distance from the lattice. The dynamic pressure is proportionally rapidly equalized. In
comparison the total pressure and velocity equalize slowly., The spreading c¢f the wind shadow

is clearly traceable. By the time e = 8d, the wind shadows have joined (for thicker bars, this

situation would require e < 8d).

The second of two lattices sees this velocity field as its incident field—as its initial
or undisturbed field. If one thinks of the second of two congruent lattices in line, where ¥'

is the average wind it experiences, then to a first approximation

erI v wr
¢ 2
= Vel z("ﬂ
Yir T (e=m  \V
w
Ir

for the drag is—for sufficiently large Reynolds numbers—proportional to the square of the
velocity. As a consequence of this and Figs. 2a and 2b, the following statements can be

made [whose reliability is controlled by Fig. 3]:

1. The disturbance of the velocity field behind a lattice dies out slowly. There-
fore the shielding effect of the forward on the rear lattice must remain notable

even for wide separations. For cases which approximate the one investigated,

where § = 0. 264 and separation e = 8d,

v! ~V 2,,

Thus it is insignificant whether the lattices are exactly in line since the smear-

ing of the wind.shadow is large, This holds for great distances.

v

.

*
(5) The slight rise in static pressure indicated in the right-hand scction of Fig, 2a is
a wind tunael defect,
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2. In contrast to this, it must be vital at close distances whether the lattices are
in line or not. In the first case all the bars of the 2nd lattice are strongly
shielded, and in the second case, they are almost equally sharply out of the
wind shadows. An estimation ofg{;n generally guns into difficulties. The
strong variations of velocity with pesition influences the flow patterns around
the beams of the second lattice in an unpredictable way. But even if flow
lines were known, the small minima would open the question of which velocity

to use for aerodynamic computation. Still the lower limit of Y1 for in-line

lattices can be found using ¥ = v! , ,
min

With ¥ = Vinin W€ are certainly using a smaller value than the aero-

dynamically true effective velocity.

2
e/d=4 v in/" 0.78 v in/" 0.60 = ¢,
2
= ] = 1 4 =
efd=2 v in/v 0.68 vmin/v 0.46 =y,
o ’ \2
= H = 3 byl ~ Q=
era =) v iﬂlﬁv v, 60 v in[V) 0.43 wn

Similar estimates can be made for axially transposed lattices (still
parallel but no longer in line). There the amount of the displacement and the
type of structure will enter as parameters. In each case the (lin for displace
lattices will be greater than for those in line [note that higher shielding coef-

ficients mean less actual shiclding.)

-
.

After these preliminary remarks we can turn to the results of the meas-

urements of two lattices one behind the other.

D. TESTS ON TWO PARALLEL LATTICES OF LIKE PATTERN AND-SOLIDARITY RATIO
FOR NCRMAL WINDS

Twelve lattice pairs were investigated, eleven schematic types of flat bar construction,

and one with "profiled” bars [shapes like L, I, J, etc], all lattices were infinite (A = w),

PR R SO A




j; R ﬂ;@q.:igh,.wﬁqy‘,fig R A

fol

These lattices, as with the earlier experiments, were "“ladder" structures: parallel beams
with either V or N bracing. The results of the tests on single lattices were presented in
Part 1, those for the pairs in Fig. 3a to gin Part 2. These diagrams show only shielding

coefficients () and the drag coefficients must be calculated.,

, e=w
Cw TV Sy
rl r
e=w
c =g C
Yor B0%

*

The value of C:',:w are obtainable from Fig. 21 in Part 1, Of course, in Fart 1 the designa-
tion of the quantity ijw was simply CW . The data points from similar structures of Part 1
are presented in Fig. g, Part 2, with thz same symbols (0, A, etc).

To these twelve sets of data are added the tests on four finite lattices: bridge trusses
@ through @ of Part 1. The resulis are given in ¥Fig, 4, The corresponding drag coeffi-
cients for isolated lattices are found in Fig. 21 of Part 1. The case of a pair of N ~ lattices

with crossed diagonals was included in Fig. 3g.
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Fig., 4 -- Shielding coefficients of lattice pairs under normal incidence
(o = 0%) and finite aspect ratio (A =9, 5). Lattices in line. Model designations
from Fig. 20 of Part 1. Ref. AVA'1ll
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Not all permutations -of the variables in Fig. 3 and Fig. 4 have been made, The number

of parameters forced a limitation on the tests to keep them easily sﬁrveyed.

s

The test results conform to the predictions made on simpler considerations: slight

influence on the fore latlice, sirong shielding on the rear laftice.

991 = 0, 8 to 1. 1; for normal solidarity coefficient, ¢'I < 1.0 ip each case for e/d >1.0.
Even for the very large solidarity § = 0.511 and e/d = 1.0 the shielding coefficient d/l was
only little greater than 1.0. Since a separation e/d < 1.0 is almost never seen, l/JI =0.9or

1.0 is a far-reaching approximation. It holds regardless of § and whether or not the lattices

are in line.

.~

wII for small separations is expectedly negative, and grows with separation, slowly
approaching the limiting value of +1.0, so that e/d = 8 still gives large shielding, As one

must expect from Fig, 2b, 'xlln is really dependent on three parameters:

Solidarity coefficient
Separation of the lattices

Orientation of the lattices to each other,

To clarify these relations Figs. 5a to 5e present the shielding coefficients versus §
with separation as a parameter, To allow a direct application of Eqs 2c and 4, the shielding
ratio n is plotted, We have used the assumption that q’/I = 0. 4 for all cases where wl was not

measured., The corresponding points in Fig. 5 are marked ('), We have limited the e/d

values in these diagrams to 1.0, 2.0, 4.0, and 6.0, For transposed lattices, only the

e/d = 1,0 case is prescnied, Since this oblique case is most common among lattice towers
and masts where e/d = 1,0, this limitation is justified. In general the data of Fig. 5 can be

extrapolated and interpolated to other values of e/d. -
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From Fig. 5 the following can be deduced: an:influence of structural type exists, but

-

it is so weak as to be negligible. No noticeable effect of bar cross section appeared, Outline

P

and aspect ratio play no decisive roll so long as # < 1. This observation is in agreement with 1
the aerodynamics-of single lattices. Again the solidarity coefficient has significant influence,
along with lattice separation and ovientation. A glance at Fig. 5 shows how dominant is the

¢ influence of the solidarity coefficient, .

-

The calculation of the resulting drag Wg of a lattice pair has to:consider §, separation
and-relative orientation.
- 1 2 :
W, = c:wr 5PV 'Fr [ke] ‘ |

(Fr = projected surface area of lattice!) For CW we can use Eq 4 to write:. X
r . 1

Cw =V Cw [+
r r

wI and n could be taken from Figs., 3 and 4. Both quantities are dependent on §§, ¢/d and
t relative position, The shielding coefficient 11/1, as we have seen, varies so slowly compared
with the other parameters that d/I & constant is valid. We have the numbers between ¢I = 0,90

and-wI = 1,0 to choose from; so we took
(5) "’1 = 1.0 = constant

: *
since this value is on the safe side and simplifies the calculations, i&l = constant means

that in the {irst approximation the working of the rear on the front-lattice is negligible,

have set 101 = 0,9 above. It sho' 'd be remarked that Y1 = 0.9 gives the largest n-value ob-
tainable for .9 <Yy <1.0, while yg = 1,0 gives the largest C, . In both bases, where Y1
is measured, the value is chosen to give results on the safe side.

*
(7) In order-to ascertain the n-value for lattice pairs whose ¢; was not measured, we 1
!
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These n(§, e/d) diagrams should be further transformed for computalion purposes in
somewhat the following way: a simple function n(f}) can approximate the mid-curve of thé
rather scattered test points, Such approximate functions are given below:

= (1 - $)° for lattices in line

) g forefd =1
n=1,2 [1 - $1° for transposed lattices

These curves have been dotted in for Figs. 5a and 5e. They fit in some measure the experi-

mental scatier, and are thus useable approxzimations. Their extension to greater e/h values
is possible, but oniy by renouncing their simplicity, wvhiqh alone is the real justification for

the existence of such approximation formulas, Figures 5a through 5d show the curves for

- ~x

N inline lattices (the solid curves with the thin dashed extensions). Figure 6a shows the col-

lected curves. Generally these are NOT average curves but upper boundaries of the envelopes

of the experimental points. The use of the upper limits of n values insures that n is not taken

*
too small in calculations and amountis to a safety factor,

The given n-curves must be qualified since the aspect ratio plays a role for § > 0.6,
We have renounced the exact consequences of this dependence, since § > 0,6 scarcely occurs
in practice, and the given curves show this region as a thin dashed line. TFor § = 1 the condi-
tions are to some extent known, We have presented the n-value read off Fig, 1 whered = h

3 for the solid plates.

For technical cases it is desirable to ignore the variation in n beyond ¢ = 0.6, and

thus to set

for 0.6 <f<1.0 = n|¢ - 0. ™ constant

»
(9) That then -curve for ¢/d = 1.0 (Fig, 5a) lics somewhat high is due to accommoda-
tion of Dickmann's unpublished data. (See section III), .
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Then comes the last step in simplification: the substitution of the curvilinear group of

Fig. 6a with a set o rectilinear approximations as in Fig. 6b,

0<$<0.1 — 1n=1.0=constant
(6) . 0.6 <f<1.0 n=ng 6= constant
between these areas as set of sloping lines

n~1.15 [1.0 -1.45 ¢ (e/d)3/4]

One can proceed in a corresponding way for non-inline lattices (transposed, staggered). It

is observed that one deals almost exclusively with lattices of solidarity coefficients between

0.1 and 0.6.

The drag compuiation for lattice pairs under normal (« = 00) wind incidence is thus

reduced to a very simple procedure. It consists of using Eq 4, which is simplified by Eq 5 to

o eT®
CW o (1+n)
r r

s . e=w .
or, if we instead of o write Cy to
r r

Q
u

(1) w "o (LW

From Part 1 the approximate values of cW are:

=1.8for § <0,.25

(2]
f

1.6 for § >0.25

[¢]
u

N can be taken from diagrams 5 or 6,

We will consequently—after some remaiks on oblique winds on lattice pairs—prove

how a procedure for drag calculations of bridges and towers can be developed from drag

predictions for lattice pairs,
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E. OBLIQUE INCIDENCE ON LATTICE PAIRS

A bridge-~type lattice pair of model @ and e/d = 4.12 was tested for oblique winds both

from above and from the side. Results are given in Figs. 7a and 'Tb, using the normal drag .

t’ : '

i coefficients Cy and tangential drag coefficients ¢
: r

r
As with single lattices, the tangential force is negligible. The normal force on the

leading lattice has been somewhat reduced by the presence of the second lattice.

The normal force on the second lattice grows with the obliquity of wind incidence,

reaching a maximum for a = 250, either from above or sidewise. The fall-off is gradual

~ on either side of this maximum. That the ¢ -curve shouid have this character is easy 1
ril
‘to see. Also, quantitative statements can be made if the behavior of the single lattice is

known for oblique winds. However, this will not be further developed here. >

It is enough to notice that the tangential forces are very small for oblique incidence, g

and that the normal force on the leading lattice is virtually the same as for a single lattice.

i
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Fig. 7 -- Lattice pairs of type (5), f# = 0.458. Oblique incidence from above !
(7a) and frorm the side (7b). (See sketch in Fig, 8) e/d'= 4,12
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CH 111 -- TWO LATTICES WITH ROADBED (BRIDGES)

. The addition of a roadbed to a pair of lattices should have little effect for normal winds
and small values of §. Ce}tainiy the surface friction drag of the roadbed enters the picture,
as well as the pressure drag if the roadbed is thicker than or beiween the girders [chords] .
In any case, it is certain that the flow patterns will be influenced by the roadbed. But these
cnanges and their drag changes are small compared to the total drag of the lattice pair, so
that the earlier formulas for lattice pairs can be used for bridges. This is especially true
since these curves were only approximations to faii'ly scattered dala points. It must again

be stated that this.equating of bridge to pair data is predicated on small § and normal in-

cidence.

Luckily the conditions are not as restrictive as one might think. The limitation to

|

1 § < 0.6 really excludes just the important case of § = 1, However, consider the following: ‘ ‘ (
a solid lattice pair with the road in the middle will have the same flow patterns as the pair i ﬁ‘
alone, If the roadbed is above or below the centerline, the flow pattern will be influenced, | 1
the dead space reduced and the fore pressure on the rear plate also reduced. Both these l : ]5

effects lead to a reduction in total drag. Thus the curves in Fig, 6 also represent the upper

limits for slender solid beam pairs with or without roadbeds., The same holds for § < 0.1

and § >0.6. One designs somewhat uneconomically but not unsafety, - | 1

The condition of normal incidence is also no real limitation, since bridges are not

subject to winds with strong vertical components, and since lateral obliquity can produce only
moderate drag increases [see Fig, 7b] . Cornsequently the design Eq 7 for lattice pairs can

be used for bridges of any solidarity coefficient.

»

%

|

| |
|
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4 ) We made similar considerations when the test program was designéd. The result of ) gl
. these considerations led us to discard a sysiematic investigation of whole bridge models, ; §1
. since a really new insight could not be expected. We reproducé these measurements in Fig. { %

) 8. Using Eq 7 for bridges gives cwr = 1,46 (from Fig. 21 of Part 1]_ and 1 = %II—I = 0, 34 for 1

' :

e/d = 1.44 [from Fig. 4 of Part 2].

C =1,96

with n = 0. 43 from Fig. 6 or Eq 6

C
w

2.09
T i 1

The measured normal drag coefficient for a = 0° gave c = 1.63, greatest normal coeffi-

r
cient, for a = 200, was 1,86, Thus one sees that in each case the calculated value lies above
the measured one, It should be observed that a 20° angle of incidence from above is quite !

’ unlikely, The tangential forces are [Fig. 8] negligibly small,

Thus our conjecture on bridge calculations with lattice-pair data is supported. Stili

it is desirable to obtain further confirmations. Q. Flachsbart has conducted a series of tests

*
at Hannover on bridge models, The results confirm Eqs 6 and 7 for calculation purposes.

# = 1. The n-values for the solid pair A= 13.6 lie - in comparison with all other § = 1 data
including the Dickmann - so unusually high that we have not given them corresponding weight,

-

i

]

¥

. s
(10} Figures 6a and 6b were sketched to include the Dickmann data, particularly for ; “
; |

1

H
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. CH IV -- FOUR LATTICES IN A BOX STRUCTURE (A = w) !

A. NORMAL INCIDENCE (e = 0°) i

IS
Consider a square-lattice mast like Q. \
N
I . o
that in Fig. 9. Since real towers are tapered
and of declining solidarity, correct use of I - f
data for A =« involves a piece-wise approxi- v 9.3_0?_‘.. ol o
~ PR !
mation to the tower with each piece assumed ' ﬁ&
) to be uniform in § and cross section. Such . —
e
b an approach has been very accurate, and it
. s allows the incorporation of nonuniform wind Fig. 9 -- Box structure cross section . ﬁ
4 R i
profiles, !

For drag calculation of a lattice mast in an arbitrary wind field one needs only the as-
sumption that the flow around one segment of the mast is practically independent of the flow

at more distant parts. Naturally this is only an approximation, but it is good, particularly

for the more permeable structures, The greatest error occurs at the mast peak, but the

distortion of the total drag is slight. ' H

“Table L.shows the test results for a number of partial models [thOSe in Figs., 10 through
13] . a = 0° means wind streams normal to the side. The placement of the models in the 1
wind tunnel is shown in Fig, 14.
2 Now we must ask whether the CW of these models approaches the Cw of similar lat-
r . r

v tice pairs; or in other words, whether the effect of the side-walls parallel to the wind is

negligible, The answer from experiment is affirmative: the side walls are unimportant in
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TABLE I (Part 2)

Section Models of Lattice Towers With Quadratic Cross Sections

&6

Measured Calculated
(max) AR (1+7) .
%, . c“*‘” “Ex16(LeM
Moded £ T ’7 fiem Fig, G
c ¢ c, [Bracketed haluel 3 ’) from Fig, 6a *
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G “
:é 10a |} 0,155 o 1.01 T m
. a9 3.
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of a radio tower-(Zeesener radio
tower), Compare Fig. 13d
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Fig. 11b, ¢ -- Two mor sec~
tional models of the Zcesener {ower
tested independently of the model in
Fig, 11a

-

£t 3

R P

e we X




" UOTIOIS SS0ID N 94a®Y saeq |[y :3joN -Surdeaq adli-N S
PU® UOTIOIS SSOJID OTjeIPEND YjIM SIINIONIIS {IOM~XO0Q JO S1apous aaayy, -~ g1 ‘814
=== : e — S ——
: .
.U ;
]
: . |
_ _” _
* i
_m_ M
i
|
N
Ny
i
4
H
4 ) - EY . ~ ‘. -
«® as - » -
4
T — , _ -




- [, + —— L v - - = e — -
g
.
. » -
G - . . . ; . e ) .
T ! - » - - - -
kal -
- Yoy £ - - .
< S e .
N -

L R T

RN A

o

N2

o i A AL Y SO

wisiueyd oW ddUL|eq Y} ST SA0QY
‘ULODIIPR, PUIM B3} JSUTEET ST MITA YL
+Jauun} puIM ay} uy 1oPol -- ¥T ‘8.

- . P e Ny

v N >
.y S wea -

N on T mrEy WA

* *
;
3
{ -
]
¥ )
%
4 _
. . -
i w
H .
]
I w
1 . 4 ]
3 PR
M " » i
¥ . . N
¢ e - - awm s e AT s
«
g .
H !
} .
5 A
¢ .
w R
A B .

. i -t

e — e A .

v, s
-
N
~ v
i . -
X et ottt o e

c. ] - - - ) uaaa

S .ﬂm\ I 3»“
3.
——yy .11\:!.‘.‘0!.\‘1\\‘3;«“.9 . i
—— — oy A 4N L.

£ b \
o - X A ;

B I

e L e e e e e e s P

f " [

BTy

*S14 uy 1epouwr auy jo ydead

-ojoyd -- PEY "Brd

e
e

—E
TR
ot oy
™
_‘;-""
" 2=
A
)
~y
P

.
- w
e
/;,
S
e

I -
u & * ' . P
/ y.‘w_m.,m,.

y ; ¢

i

S \
Wb | \n
RRITAN S &
AN
,,wﬁ., o /
cj\ 3

!

&

S e )

»
o

12Ut} puim Iy3
ur [opout 3yl pIoY O} Pasn pol ulYj Y3 smoys
ydrx a3 uo 1Ppow YL -0l *S1g ul sjapows

2331} 243 JO sydeadojoydg -- o-egr ‘3rg

wad

_—
—2
\ -

3
o

AT
<,
LAY
.

Aanerabyiots
7
]
,

P U AU SR |

“. H AN i

i o

4 N

i mn\. i~ a.\.rc_
- i 7

90



v s v s

”

*

e i St VT s e Bl WD e Tn A RGN g A e

1

drag calcuiations. Equation 7 can be applied for the calculation of 4-iattice masts under

perpendicular air stream incidence. The proof is in Table I {f_in«comparison with section

V1, 7].- An additional experimental proof might be mentioned here.

We have investigated a model [N-structure, staggered, ¢ = 0.288] that was divided as

indicated in ¥Fig. 15a. The maasvrements were:

whole model CW = 2,11
r

mast half 2 Cw = 0,96

mast half 1 Cw =2,41-0,96=1,45
r
1

Earlier lattice-pair measurements for e/c = 1

Lattice 1 c = wl ¢

0.94x1.58 =1.48
w

w
rl r

Lattice 2 'cW T WII' Cy = 0.61x1.58 =0.96
vl1 r

Therefore with far-reaching exactness

Thus the influence of the sides of a box lattice tower is negligible, as far as a = 0°

drag is concerned, .

The same is true of tangential forces; they are null for a = 0°. Table 1 shows Ca is

o r
always ® 0 fore = 0.

91

P mere ey

4

e gt RO

r— b T




e T e A oo e ot e
. . -
. - -
e e

—

B. OBLIQUE FLOWS (« 2 0°) :
»

2
e o

If the wind direction swings around in the plane of the ground, all four sides contribute

to the drag. Maximum drag for § = .10 tu . 20 does not always occur when a = 45°. In some ,

. . o "nO
cases the maxima lie betweena = 25 and a = 30 .
Yy

Masthalf 1

Lattice 1
Lattice 2
<
F
&

Vasthalf 2 L
Q= 00 ¢

.

Fig, 15 -- Definition sketches ‘ J

The growth of drag for oblique incidence might be predicted on simplest grounds to

add 20 per cent to the total drag. It remains to be proved how the drag is divided among the

Bevm e L TR end ey Bne meed the N-tihe model, ¢ = 0, 288, which-was em- .

/
»

ployed earlier,

P.esults:

entire mcde!l Cw = 2,85
r measured

mast half 2 CW =1.18 . j
{

2, |

mast half 1 CW *2.85~1.18= 1,67 !
r -

1 4

mast half 2 alone Ci:’) =1,92 : .
r i
2

Therefore one obtains the following remarkable result: .

The shielding cocfficient of mast half 2 )
\

Cw .
r 4
2 _1.18 "
rrm— B Swm— T o‘ 615 o
W

To
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which agrees with the shielding coefficient ;f,’u of the second lattice (of a pair)

under normal wind incidence (;l/n = 0. 61),

For obliqu;e incidence the mast behaves like a lattice pair (I' and II') normal to

the wind.’

Let us designate:

o) and oy
rl ril
’ for the mast.

max max

Cw and Cw = the drag coefficients of the synthetic effective lattice pair for
rit riIt

oblique incidence giving the greatest drag for the mast.

Ci‘o) = drag coefficients for whole mast for a = 0°

max

W
r

C £ drag coefficients for whole mast for maximum drag angle,

then three constants (El, EII‘ and E) are defined where eI >1.0, €1y >1.0,
E >1.0and
c;x}ax =€ CS) , c:x:ax =€y c(o) and CT** = E . C(o)
rIt rl riit Well Ve e
Observed test results on sectional models show
cf;’) :C  =1.45
rl rl
cf;’) :C_ =0.96 for a = 0°
rl VY2
c“’)-cW +C_ =2.41
r rl r2
R IR |
Vel rl
cfﬂ’"“")s C =1.18 for a = 0°
ript r2 :
clmax) e 4c =285
w w
r rl r2
T T e sy e g EARE NS 7 S " (') [3 -

and "c(o) z the drag coefficients of tl';e front.and back lattices when a = 0°
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therefore "
167 _1.18 o 2.85 _
‘TN fpTtoese - 12 Eegypsla8 .

or for a practical approximation

N N
e~ E

Thus one has the possibility, from the expression for drag number of the mast under

stream incidence in the direction of the cross section diagonal

(8) e e ol e O apee 14

r r Wl erI . r

0)

to immediately read the partition of drag on the two synthetic lattices and thus on each of the

side walls of the real siructure:

B g +# E-c_ -m
w w w
r ~r__ r
e ™ N et gy g™
(9) Contribution ot Contribution ot
windward walls the two shielded
(or ersaiz lat- walls (or the second
tice I') ersatz lattice II')
for example
(45) E (o), E- 7 (o)
X T re— S———— ¢ Y
(10) \Ig 1+n Wg ¥ (1 +m) W g [Kg]

Equation 10 follows {rom Eq 9 if one observes that

w(45) = C(‘*") . _l.pvz F = ¢ C(o) -'—1-pV2 F =€ W(o)
2 r w 2 r

g V. r [
()
or Wi *
(45) _ .. arm-Lvip = e- cLy?
w = C cw (L+mn) 2pV I‘r € cw 2pV Fr
~ —~——— r
. (0) . 5. Lyl
Wgr t+ € cwx‘ n 2pV ¢ P
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There is no reason to doubt that these facts (except for masts of very high §'s) can be

combined. Controls through further tests, however, are desirable.

For drag calculation for winds along the mast cross sectien diagonal—prior to cor-

rections from further experiments—the following way will be adopted: Calculate the drag

,.
WZ‘) in the wind direction for a = 450, using Eq 7 to find W(go) for a = 0° and multiplying by E.
From force W(45) each of the two windward planes experiences a dra =—;— 1—1:——’;' . W(go) (in

1+

the wind direction). The remaining ?7 X W(go) is divided between the two shielded planes.
The value of n can be obtained from Figs. 5 and 6; the value of ¥ is found in Fig. 18, In
general it is satisfactory to set E = 1.1 to 1, 2, although greater values are possible (com-

pare Table 1, Fig. 18a and b, and the remarks for Fig. 18b in the following section).

This paper leaves out the many cases where the greatest drag is not whena = 45° be-

cause these drags are less than 10 per cent different from 450 drag. (Compare Table I.)

'

The cross force (C,‘ ) is small compared to the drag-in the wind direction (Cv' ) also
r v
for a # 0°, as can be seen in Table 1.
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CH YV -- TESTS ON MODELS OF COMPLETE MASTS

/@\ N
ih: %
P >
£ )
L]
§§§ N
:5\' TN
A G
4 >
O N
Z<§ ¢
g N\
254\ %
: \
7
%
‘ S
L

Fig. 1§ -- Models of two lattice masts;
(a) transmission tower; (b) line pole -
A complete model of a 100, 000-volt electrical high-tension line mast was tested with
and without crossbars, on smooth and rough ground plates. The height of the prototype was

25 m. Model scale was 1:50, Model height was consequently 0,50 m, Kig. 16a shows a

photograph of the model. The models in Fig. 10a to c and Fig, 13a to c are sectional models

which correspond to the lower, middle, and upper-thirds of the mast. ~ The velocity distri-

bution above the ground plate for smooth and rough surfaces.is to be taken from Fig, 17,

917
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‘Fig. 17 -- Velocity profile over (a) rough ground plates and
{b) smooth ground plates ~

In Table II are the measured Cw values for the electirical tower. The most important
values for us are those for the tower \:ithout crossbars, since they allow direct comparison
with the partial model of Fig, 10, We have calculated the Cw for.a = 0° of the tower without
crossbars and for the two wind profiles of Fig. 17. The agre:ment in all cases was within

10 per cent.

The reliability of these calculation procedures is thus established. It has already been
shown that special test results on partial models are not required for these calculations. It
is sufficient t¢ use Ey 7 with an estimation of [from Fig, 5 or 6]. It should be noticed that
this procedure not only gives information on the totai resistance but also on the drag distri-

-

bution along the length of the mast and thus on the to’rque.

The reduced resistance of the tower on rough ground is due to the reduced velocity of

the wind near the ground,

In this connection, it should be remarked ihat drag-in general is dependent on the spacial

velocity distributions of the undisturbed wind, Application of test results—even whea condi-

tion of aerodynamic¢ and geometric similarity are fulfilled—is only strongly possible when the

e s g bbbt e =
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TABLE II (Part 2)

Complete Models of Lattice Masts

MODEL C‘(,m)
# | CROSS BARS | GROUND a® G | G = 072-7—
FiG. ) ¥r
Smooth 0(%0, 180) | 2.01 1.17
. 0.334 VLthout 45(135) 2,35 _
g Rough 0(90, 180) | 1.84 2.09
‘; 45(135) 2,01 *
k ” 0(180) 2,01
a ‘th Smooth 45(135) 2,00
g 0.315 W — 1.58
B 0(1€0) 1.90
Rough 45(135) 1.93
90 1,47
0(90,usw,) | 2.544 | 0.0295
y 9 2,765 | 0.2335
2 0.187 | Without 18 3060 | 0.2345 & g 40
5 27 3.335 | 0.1590
E 36 3,520 | 0.0423
45 3.620 | 0.0917
0(180) 1.16
Smooth |  45(135) 1.73
90(270) 0.93
0.363 |  Without 0(120) 1.15
Rough 45(135) 1.66
. ) 90(270) 0.84
:.: 16 0(189) 1,22
o 20(1¢2) 1,28
| Smcoth | 43(135) 1.63
0.38 Vith 65(115} 1.54
90(270) 0.85
0(180) 1.15
Rough 45(135) 1.30
90(270) 0.83
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velocity profiles are the same. Applied to the problem of a lattice mast on the ground this

implies that the ground frictional boundary layer has to be approximated in the wind tunnel

in order to obtain valid model resulis,

The rise in total resistance with increase in a from 0° to 45° for the electric tower on
a rough ground plate was around 9 per cent [(2. 01 - 1.84)/1.84 2. 09], for a smooth ground
plate the rise was 17 per cent. In other words, in one case E = 1,09, in the other E = 1.17.
These values correspond then to expectations derived from partial model tests. It is notable
that Katzmayr and Seigz* have obtained slightly greater E-va}ues. Both authors found E = 1, 42
for a wooden wireless tower model of scale 1:30. The solidarity coefficient of a side wall was

g=0.187, Foras= 0° Cy = 2,544, which is covered I;y our results ’[compar‘e Table 1 and 2].
It is thus more striking t'ﬁ:t a really higher value was found for « = 45°, Rejecting experi-
mental error as the explanation, then the reason may be the difference between customary
wood construction, with its use of two H bars, and.usual steel construction, Such double
bars have markealy mgher resiswance Uuues vilique tucaucuce Lwn sbove or below, Such
oblique incidence can oceur from the end flow up over the peak of the mast or from the sepa-
ration of the ground layer—even when the initial wind was horizontal. The effect on either

- profiled or flat bars is unimportant., Both effects are stronger for a = 45° than for a = 0°
(since § is at least as large for 45° as for a = 00, the real permeability of this mast for
oblique incidence is less), Therefore, a wood structure with double beams can have a larger
E-~value than those found by us. The magnitude of tfl? increase in E due {p double bars 1s not

completely clarified. The following, however, should be noted:

*

(12) Wind Pressure on Lattice Towers of Quadratic Cross Seclion (Baning 15, 1934,
p 218-221). Two series of tests on the influence of fluctuating wind streams (once the dynamic
pressure changed 130 per cent and the wind direction by %15 per cent, both with a period of

about 1 sec) gave the important result that such fluctuations do not influence the exactness of
the measurements. -
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Katzmayr and Seitz did not employ force measurements on the entire model to meas-

ure drag, but used recadings on.a high section of the model, with the help of a special but not

’

described testing method. This method avoided breaking the model into sections.

(=) (V)
200 T T T 1 2.
x = Section models
w = Whole mast on smooth ground
= 1.8Jo = Whole mast on rough ground = 1.8
: Rz
():‘ 03 106 U—‘ 03 1.6 -
W % *
hd L~ )/ [ ] l AL
\%NF - \% ¢ 1.4 x *
== % = -
o 1.2 2 1.2
LYV Xt x [ s
1.0 gt 1.0
0 Gl G2 03 04 0.5 0 0. 0.2 0.3 0. 0.5
¢ — ¢ —r

Fig. 18 -~ Lattice towers of square cross section. No cross
bars, Tests of Katzmayr and Seitz

In Figs, 18a and 18b the data of Katzmayr and Seitz is shown. The scatter of data
points is rather large, a regular variation with ¢ is uncertain, so that we cannot conclude
that unknown variables are at work determining the E-value. It would be welcome to have
these questions clarified. Until then, it must be assumed provisionally that E > 1, 2 can
occur, especially for double-bhar construction, It will be sufficient in such cases to set
E=1,30r 1.4, The valuec E = 1.3 is in agreement with our values, particularly for large
solidarity coefficients (ff = 0.455). For a quadratic prism (f = 1.0) Wieselsberger found
for A = o that E = 1,072 while, with A = 5, E = 0. 835, ‘Therefore, even a reduction in drag
is possible with finite A and oblique incidence.

The ‘influence of cross arms on drag is slight as leng as the projected area of the arms

is relatively small, as is shown in Table II.
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Table II contains, besides the data for high-tension towers and radio spires, the cor-
responding results for the model of a smaller (line) pole (scale 1:20, model -height 0,575 m)

illustrated in Fig. 16b, This pole is not three-dimensional, but is included for comparison

with other towers..
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CH VI -- SUMMARY AND CONCLUSIONS

1. While the drag coefficients c of single beams in uniform air streams are practically
dependent alone on the solidarity coefficient #, the drag coefficient C of a spacial lattice under
similar conditions is a function of three variables: solidarity coefficient, ratio of lattice-
plane separation to lattice height (e}d), and orientation of the lattice patterns to each other

(congruent, in-line, etc). If T symbolizes orientation, then one can write the relation:
(11) C=C(f,e/d, 1)

By spacial structures are meant open work formed by similar plane lattices.

2. If C is in particular the drag coefficient Cp ; then, according to definitions, the net
r
force on a 3-d lattice in a uniform wind streain impinging at angle «a is

1 2
Pg Cpr A [ke]

(p = density, Fr = projected surface area of the lattice),

Corresponding equations hold for normal force, tangential force, resistance, and lift.
With an arbitrary angle of incidence, Eq 11 becomes
(12) Cs= C(¢o e/do 709) ) L

and also

P

8
W‘
A‘ really dependenton §, e/d, 7, a, p, v, F.
N

g »
T .

[ 4
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This applies when the gas velocity field is uniform in space and time, a condition assumed

l‘
here unless otherwise stated. Fof nonuniform winds other parameters must be introduced. -
*a

N

For single lattices both e/d and 7 are discarded.

3. Two lattices of equal outline, equal structure type, and equal f§, form a lattice .
pair when they lie parallel 10 each.other so that their outlines coincide (in-line) when viewed
along the perpendicular to their planes. The lattice patterns don't necessarily have to-be

congruent. Each of the iwo lattices affects the drag of the other, as compared to the drag of

one lattice alone.

The differe_nce, of course, is a reduction.for the shielded lattice and an increase for
.the leading lattice. -The wind shadow of the forward menber is very far-reaching, so.that
the rear lattice is still shielded even if it is quite far behind, For large lattice separation
it is unimportant whether the patteras are congruent or not. For small separitions the

comgiency of nattarn reduces the drap, since the wind shadows coincide with corresponding

bars on the rear lattice,

4. If one designates the resistance of the two lattices for normal incidence with WI

" and WH, then the combined drag Wg for the pair is [from Eqs 1 through 4]:
W =W +W, =g Wy Wayg Wl +—2
g I Inmn "1 1 I ¥y
and the drag coefficient (combined) .
CW =¢/1'cw (1+-y7/—)=wl'cw (1+mn)
r r I r

Here W means the drag, Cy z c(‘:zw)which is the drag coefficient of a single isolated lattice.

r r
On experimental grounds, the shielding coefficient of the fore lattice can be very well ap- *

. X

proximated as

dll' 1.0
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The shielding coefficient wIl of the second lattice and the shielding ratio-of n of the two lattices

arc then practically equivalent numerically. The expression for CW simplifies to
r

-*

UR | c, =c, (1+M)
r r

The values of cW are available in Fig. 21, Part 1, and Figs. 7 and 8. The values-of 7 lie
r .
in Figs. 5 and 6 of Part 2. For approximations:

e =16 S
Y 2 } Lattices in-line
n=(1-§)
(13)
Cy * 1.6 .
r 2 } Lattices displaced
n=12(1-¢)

Oblique incidence on a lattice pair is shown in Figs., 7a and 7b.

For both single and paired lattices, the tangential forces are negligible under either

normal or oblique incidence, Aspect ratic and outline of the lattice make no real difference.

5. The wind loadings of bridges with two main lattices and of lattice towers are trace-
able to the wind loadings of lattice pairs. Through Eq 7 and the shielding ratio, 1, the bridge
and mast drags are further related to the loadings of single lattices, Lattice masts [4-sided]
under diagonal wind incidence are equivalent only to an imagined lattice pair. To aercdy-

namically designate this "ersatz" pair, the further quantity E is introduced.

6. The drag calculation of a twin-lattice bridge can use Eq 7. In the absence of special

measurements use:

for § <0. 25, c, =18

for p > 0. 25, c, =16
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Since almost all bridges have §§ exceeding 9. 25, it is safe to assume

cw = 1.6 = constant R
r ‘ve

so that the formula simplifies 1o

(14) ‘ ’ CWr‘= 1.6 (1 +n)

N is obtained from Eq 6 or Fig. 6, designates the road width and d the distance between the

chords or the height of the bridge.

The approximate drag portion between the two main lattices is directly readable from

the formula

Cw =e. [1+n]= Cw + ¢ N .
r r r r

S—
forward leeward

for example withc = 1,6
Wr ¢

C = 1.8 + 1,6n "
w PO

N vt Nt
forward leeward
lattice lattice

For an estimation, one can again usen = (1 - ¢)2 {in any case for lattices in line, which is
true for almost ali bridges), For design calculations the use of Figs. 6a and 8b, which are
upper limits of experimentally scattered values, will incline the results to the safe side. The
n-value of Fig, 6b in combination with Eqs 7 or 14.fixes the total resistance of the bridge with
certainty, even for § = 1,0, However, the drag distribution.for § = 1.0 is no longer that

given by Fig. 6b and the approximation forraula. Actually, the rear lattice experiences (for

small e) negative drag, and Fig, 6b can't give this because its values for 7 have been made +.

L4 “
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The aerodynamics of solié-wall bridges thus merits further investigation. To thé extent
of Dickmann's researches this problem was attacked. For all true bridges* with two solid
wall beams the preceding design formula gives practical information on the maximum total
drag and its distribution. Besides, it has already been borne out that the greatest normal
force ncceurs, not with normal incidence, but with oblique incidence. The drag for:es de-

rived from Eqs 7 or 14 are normal to the lattice planes. The tangential forces remain

negligible,

7. The drags of lattice masts are derivable from drags of sectional models [a single
section with the same structure and ¢], with compensation for the ground posts, since they
are usually different from the higher portions of the. tower. The sum of the drags of each '

section gives the total drag and also the center of force.

For a tower of square cross ‘section composed of four lattices the drag for a = 0° is
thio same.as for lattice pairs calculated by formula (7). This means that the drag is due al-
most entirely to the fa;:es normal to the wind; the drag of planes parallel to the wind ‘is
practically nil, n is presented in Figs. 5 and 6. ‘Usuauy masts have a square cross section
{e/d = 1.0). I the lattice patterns are reversed, then the approximation formula must use
a graph to obts.nn, such as Fig. 5e which gives the upper values of . Also the curves in
Figs. 5a-and 6a for e/d = 1,0 are satisfactory because they too are higher than the test
points. One can ignore the unequal drag distribution or box lattice towers when a = 00, if
one-uses Eq 7 and the curves at e/d = 1,0 in Rig. 6a, This is, of tourse, an approximation,
Also for § < 0. 25 it usually is satisfactory to set Cw * 1.6, as can be seen ir;-the last third
of Table I. In this section of Table I, the Cw valuel; are presented [note here the designa-

r

tion is C{%) since here @ = 0°] —values calculated with Eq 14 C, = 1.8 (1 + %), with 0
r . r

‘(16,) Concerning calculations for lattices of nonuniform §, one should refer to the re-
marks in Section VI, 9:0of Part I,
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taken from Fig. 6a wheree/d = 1.90.- Equall,j' good results are obtained if one sets n=1.2

- 7
(L - ﬂ)z. Basically, one naturally is more certain vsing cw = 1.8 for § <0.25. <
+ - - r
5 ] ) ' ) "
For oblique incidence [a 2 00] the resistance of a box lattice grows, Usvally the maxi- . ?“
) T . N ’ ”%
mum is for a = 450, altbough sométimes for smaller angles. For technical calculations . %
.~ - - N * 1R
a = 45° is assumed to give the maximum drag. Then from Eq 8 - @g
S (max) o (45) _ oo (0) g
B T8 g ?
The value'of E has to be measured (as in Fig. 18). In general E = 1.1 to 1. 2 (see Table I). g’
. ﬁi,}
For constructions utilizing two parallel-bars instead of one, the E-value is raised to 1. 3 or ?
1.4. The express—iOn for Wg(“) gives the drag distribution on the individual lattices directly §
.[Eqs 9 and 10]. - F
The lift or force normal to the wind direction (Cé Vis negligible for all a's.
r
G alin aba vmimiilatn vi vpaLidi datiees 1 1L busib facdsUl « clarified by these re- .
’ ! . i L)
sults. Also the basic outlines of improved calculation techniques are brought out by the Y
new knowledge. It is probably useful to'once more write out the drag calculation procedure 3
3
0 ¥
without thie mass of supporting evidence. §

a, Drag Calculation for a Bridge with Two Main Girders

*
(Assumption: the main girders are of uniform f)

Given: the solidarity coefficient § of each'girder

O

= projected area F  of each girder

. b
c =1,8 !
w * .
r "

_ Alr density p '{for normal conditions p = %‘[kg 32/m4]}

Assumed peak wind velocity v (a2 35 or 40 m/s) . X
* ) "
(17) Where this condition is not fulfilled, the parts of uniform ' must be calculated e
separately.

108

T -




BT
;

OB PTHN

VNS SRR E T

w

Calculation: The drag on the bridge is

cc - Ly?e o =
W,=C, i F =C, aF_ Ixe]

r r

directed normal to th:g girder (fattice) plane

CW is from (7) or (14) _ ]
r . ) .
'C, =c, (1+m-= 1.6 (1 +n)y
r r
thus - -

(15) WosLe(+ n)‘:q F_ | [ke]

n is taken from Eq 6 or Fig. 6. 1 is dependent.on § and e/d-where-e is road width and

P

d the girder height (actually d = distance between the mid-points of the chords of the principle

girder lattices, and thus is very close to the lattice height),

The portion of this total drag is:

WI =1,6q Fr on the windward lattice

W,.=1,6nq Fr =7 WI on the leeward girder.

11

[Notice: The use of Fig. 6b will give very safe (high) drag predictions for

#§ > 0.6, but is unsatisfactory for predicting drag portion.]

To compare the above calculations with the current (1935) techniques, we must write

W=1.6(1+n)q [kg/mz]

in the form

w‘ *WF_ [ke)

. The German pressure formula is

wg *w F_ [xe)

with w_ = 150 [kg"/mz] for loaded bridges and w_ = 250 [kg/mz] for unloaded bridges.

109

O W UGRAL 5 B Vb 14 0 ot T o e o

e e o

SR

o s e A e ¥ o | gt W no

3 - o
et R o s e+ i e has a




el

A

B S et

oy

L Al o = g -
h M\- = P - b ’ ]
.hu > ~ ’ e - - g
. X 4
1
; “
*qg ‘31 o} \mvconmuuuoo qe1 ‘S1d pue ‘eg ‘Srg 03 spuodsaliod vgy "S1g °SI3PraAq JOo sSuonEINOIEd
feap J03 sonbruyoay (GE61T) juazand ay} pue saxnpadsoxd pasodoad Y3 uasomiaq commuwnﬁoo -- 81 313
u -— -—¢,
0t 8°0 . 9°0 7°0 2°0 0 g o lw.o . 9%°0 7°0 2°0 (4]
- — oot
b TN .
SR N
. e RN
S H o~ ~ //I ™~ .
UL L1002 L AR LLLLAL LS L2 31 N LLLLLLIALLL LLLLLLLLLL L L AL AL LLLLLAA LI L ! E&&kﬂb Q“.H
. x 99 03 © LTSS SN sodp" a0z °n
(5/meE=R. SN ittt RSO BN VA popeT 3 <
[ R DN =
S ~ N 4
- \ > ,/ %
, NN Y RSN AN AN ooz 33
AN . / (o uyse=a
(s/m)07= (s/m)sE= ‘ J S
| , ’ T VV/ |
7 SN
S
LLLLLLL L L L L2 LU R L LI L, X7PYIIITI7 V7T FT)I77797779737771 LLLLIN L, X L V\\EyRN )
s03pTaq PapBOTUR X B93ptaq pepwoTUn JOF o://
Oe |
. / 7 / ,
/1.0 \
* N
. \// AN ; ° \N
vl | N § _ .
t 9 ) ) L@y
- T (s/w)o7 = A ] —=r ( Yo = >%
Hp — _ 4- //Il/ R — — A
B v N I §
T _ W___ ) _ c
. o
vt
o d
vl - -




¢ e e s e mm oncr St

We have calculated w-curves for v = 35 m/s and v = 40 m/s from Figs. 6a and 6b and

‘s . presented them in Figs. 19a and b along with Yo values, One can see that no allowance is
» made by the old method for either ¢ or bridge width, and that no-means is offered to give the
drag partition among the two main girders.
¢ | ‘
b: Drag Calculations for Lattice Towers of Square Cross Section
Given: Solidarity coefficient §§ of each side
Projected area Fr of each side
e, © 1.6 {in place of more exact values)
Ai: density p
Further requirements: The distribution of wind velocity v as a function of height
y above the ground,
. Procedure: Divide the mast into sections of uniform @, cross section, and in-
cident wind. Calculate the drag for each section as follows:
»
¥ Normal incidence to a side wall (a = 00)
: Combined drag in wind direction
wz(O) . C,(:: . %pvz F_ = CS): qF  [kg)]
wheére Fr is the projeéted area of one side wall of the section.
With
CS)’ =c.., (1+n) -
r r .
it follows
| (18) w'(°’ "e, (+MF, [xe)

orwithe =1.6
w
39 r
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(19) wg(°) = 1.6 (1 +mq F_ k]

7 is taken from Fig. 6a for e/d = 1.0, or one can set N
2
n=1.2( - §)-

It comes out approximately

S SR ()
1.6qFr T Wg on the fore wall

1 W (o)“on the rear wall

1.6nq Fr=m

These forces are (to a high approximation) normal to the wall surfaces. The walls ‘parallel

o the wind experience practically no loading.

Air Stream along the Cross Section Diagonal (o = 453). The net force in the wind »

direction -

o (45) , (0) ' v
(20) wg Ewg | (ke] |

E=1,1to1,4, For steel construction usually E = 1,1 to 1.2, particularly when no
double bars are used [two close parallel bars where one "profiled”" bar is normally ¢mployed].

Where double bars occur [wood construction] E > 1.2 should be used. (This question ig not

completely clarified, )

The combined force is divided approximatcly

E:16qF = — W (45) { for the two windward

rol+n 4 gides

En- 1,6qF --1—-}- W (45) for the two leeward v
r n ¢ sides .

The forces are in the wind direction. A"
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The integration of each section!s drag gives the total mast drag and its distribution and

torque. .

If ona undertakes a critique of contemporary drag calculations; then, before all, it

must be stated that the so-called sine law of sine-squared law fails to give the observed in-

-~

crease in-drag for oblique incidence and there is no insight into the drag partition between

the individual walls.

e ; {

. In conclusion it must be pointed out once more that these results apply only to

R TR

spacial lattice-works composed of plane lattices and which are uninfluenced by terrain and ) A
neighboring structures. In such cas2s no far-reaching predictions can be made and further

tests are recommended.
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APPENDIX A

In Figs. 20 and 21 we include results from measurements on four equidistant parallel

identical lattices, with X = «a.

These data have some interest for bridges with more than two main girders. These
results are presented in an appendix because they may be subject to test errors. The models
were investiga:ted in a small tunnel with a free air stream, Since the free streamlines
spread out laterally, the uniformity of the velocity field becomes more and more distorted
with increasing distance from the tunnel throat. Both effects lead to a reduction in resist-
ance, Control measures were not taken, However, the errors are probably so small that
the results are a sufficient approximation to the true conditions.

The single beams are known from Part 1 (see Figs. 8b and 8g, Figs. 8 or 21)., For
the same type beam the notation.is retained here for the corresponding test points. .Figs.

20 and 21 show shielding coefficients ¢/ against separation e/d.

One uses the drag coefficients and resistance in the known way. Example: Re-
sistance WIII or beam III for separation e/d and given orientation (transposed or in-line).
One tzkes ¢III from Fig. 20 or 21 and adds the Cw of an isolated beam to obtain the d-ag

. r -
coefficient and resistance of the III beam in combination with the group.

c., =¢c ;3 Wo=c qF_ [kg]
LA 11 wr 111 wrm r
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